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General introduction

Chapter 1

1.1

Importance of teaching and learning of interdisciplinary thinking

Teaching and learning of interdisciplinary thinking (IDT) is important for higher education
(Newell, 2010b; Repko, Szostak, & Philips Buchberger, 2014) and, in particular, for higher
education in engineering (HEE), because engineers need to be able to integrate knowledge of
different disciplines (Redish & Smith, 2008; Schaefer, Panchal, Thames, Haroon, & Mistree,
2012; Vale et al., 2012). In their jobs, engineers have to work in various interdisciplinary
teams and therefore, it is a necessity for them to be able to understand disciplinary knowledge
and to be able to integrate disciplinary knowledge in collaboration with other engineers
(Adams, 2007; Schmidt et al., 2012). The ultimate goal of IDT is disciplinary knowledge
integration, but other cognitive activities with respect to disciplinary boundary-crossing, such
as critically appraising the disciplinary knowledge and switching between disciplinary
perspectives, are also important (Nikitina, 2005). Similar to disciplinary thinking, the teaching
of IDT should start as early as possible in curricula, so that students get used to thinking
outside the disciplines (MacKinnon, Hine, & Barnard, 2013; Tong, 2010). By early
introducing, HEE is preparing engineering students to be able to work on complex societal
problems, like water supply (Chanan, Vigneswaran, & Kandasamy, 2012), sustainability
(O'Byrne, Dripps, & Nicholas, 2015), and conservation of marine resources (Fortuin, Van
Koppen, & Leemans, 2011). These complex problems necessitate the use of an
interdisciplinary approach to achieve a comprehensive understanding of these problems,
eventually, leading to the inventory of causes and solutions (Klein, 1996; Newell, 2010a;
Wolman, 1977). Viewing a complex problem or phenomena from an interdisciplinary
viewpoint, thereby connecting different disciplines to achieve an enriched understanding of
the problems or phenomena, is the rationale of IDT.
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1.2

Defining interdisciplinary thinking

IDT as intended learning outcome in higher education is investigated to a limited extent. IDT
or interdisciplinary understanding is defined in literature as:
“The capacity to integrate knowledge and modes of thinking in two or more
disciplines or established areas of expertise to produce a cognitive advancement
– such as explaining a phenomenon, solving a problem, or creating a product –
in ways that would have been impossible or unlikely through single
disciplinary means” (Boix Mansilla, Miller, & Gardner, 2000, p. 17)
Two types of IDT exist; one type is narrow IDT referring to the integration of disciplinary
knowledge within a single science. The other type is broad IDT referring to the integration of
disciplinary knowledge across sciences (Newell, 2007).
The concept of IDT can be found in literature by various synonyms, the commonly used
one is ‘integration of disciplinary knowledge’ (e.g., Fortuin, Van Koppen, & Kroeze, 2013) or
‘synthesis’ (e.g., Defila & DiGiulio, 2015) which is the integration of knowledge to bring
about an advance in understanding. Other synonyms are ‘the integrated approach’ or ‘the
integrative approach’ (e.g., Linnemann, Schroën, & Van Boekel, 2011). These two terms refer
to the approach of taking multiple disciplines in which individuals integrate the disciplinary
knowledge in a meaningful way. The distinction between multidisciplinary thinking and IDT
is the integration of disciplinary knowledge. With multidisciplinary thinking, the disciplinary
knowledge is summarized without any attempt to integrate the knowledge (Klein, 2005). In
literature and in practice, the terms ‘multidisciplinarity’ and ‘interdisciplinarity’ are not so
strictly used as in this thesis research. Similarly, the terms ‘knowledge integration’,
‘integrated curricula’, and ‘course integration’ also have various meanings in literature
depending on the disciplinary origin of the particular study reported.
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In the education literature, the term ‘knowledge integration’ refers to the integration of new
knowledge to existing knowledge structures in the minds of individuals. This integration does
not necessarily refer to the integration of disciplinary knowledge (e.g., Linn, Lee, Tinker,
Husic, & Chiu, 2006). Additionally, in the education literature the terms ‘integrated curricula’
and ‘course integration’ (e.g., Van Boxtel, 2009) refer to the coherence of courses in a
curriculum design or to the coherence between courses. Confusingly, this coherence is also
called ‘interdisciplinary’ or ‘alignment’ in education. In literature as well as in practice, it is
always a matter of clarifying what is meant with the term ‘integration’, whether it refers to the
integration of knowledge, the integration of disciplinary knowledge, the alignment of
disciplinary courses, and the application of multiple disciplines.
The present thesis research demarcated the terms ‘interdisciplinary’ and
‘integrated/integrative approach’ to individuals being capable of integrating the disciplinary
knowledge. The terms ‘interdisciplinary thinking’, ‘disciplinary knowledge integration’, and
‘integration of disciplinary knowledge’ used in the report of this research referred to this
demarcation. Accordingly, this research is based upon scientific publications with a focus on
the teaching and learning of the disciplinary knowledge integration, regardless whether or not
the term IDT is explicitly mentioned in these publications. The aforementioned definition of
IDT was taken as the intended learning outcome of interdisciplinary higher education.
Furthermore, the thesis research demarcated the terms ‘constructive alignment’ or ‘alignment’
to the alignment of education that aims to achieving the intended learning outcome of IDT.

1.3

Research on teaching and learning of interdisciplinary thinking

Research on teaching and learning of IDT in higher education is proliferating, because of the
increased awareness that students need to be taught in this complex cognitive skill. The
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previous research shows a relatively broad range of publications on newly designed education
on IDT (e.g., Bajada & Trayler, 2013; Hooker, Deutschman, & Avery, 2014; McFadden,
Chen, Munroe, Naftzger, & Selinger, 2011), a range of publications on the teaching and the
evaluation of the newly designed education on IDT (e.g., Lyall & Meagher, 2012; Mobley,
Lee, Morse, Allen, & Murphy, 2014; Wagner, Murphy, Holderegger, & Waits, 2012) and, to a
smaller extent, publications on researching student learning of IDT (e.g., Boix Mansilla, 2010;
Haynes & Brown Leonard, 2010; Holley, 2013). Specifically for HEE, a relatively large
number of publications can be found reflecting the teaching-focus on education, i.e., the
evaluative investigation on developed instructional designs, whereas publications reflecting
the learning-focus on education i.e., the examination of student learning processes, have not
been found yet.
The previous research on teaching IDT in higher education shows consensus on the
need for pedagogical support of learning IDT (Augsburg et al., 2013; Nardone & Lee, 2011).
A potential pedagogical tool for the required pedagogical support is the constructive
alignment theory of Biggs (Stefani, 2009; Yang, 2009). This theory, firstly published in 1999
(Biggs, 1999a, 1999b), was continuously developed resulting in new editions in 2003 (Biggs,
2003), in 2007 (Biggs & Tang, 2007), and in 2011 (Biggs & Tang, 2011). The two main
design principles of this theory are: (a) outcome-based, and (b) constructively aligned (see
chapter 1.4 for more explanation on these principles). It is therefore that this theory is also
being named in literature as outcome-based and constructive alignment theory. Although this
theory has been multiply recommended as having the potential to help students in achieving
the learning outcomes on IDT, scientific research on the implementation of this theory has not
been done yet (Borrego & Newswander, 2010; Gharaibeh et al., 2013), nor on the design
criteria to enhance the learning of IDT (Lattuca, Voigt, & Fath, 2004). The implementation
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should help teachers to develop pedagogical content knowledge for teaching and learning IDT
(MacPhail, Tannehill, & GocKarp, 2013).
Pedagogical content knowledge as described by Shulman (1987, p. 8) involves “the
blending of content and pedagogy into an understanding of how particular topics, problems,
or issues are organized, represented, and adapted to the diverse interests and abilities of
learners, and presented for instruction”. In 2012, the publication of Biggs of 1999 was
published again in the scientific journal of ‘Higher education research and development’ to,
probably, accelerate this movement towards developing pedagogical content knowledge via
the use of the constructive alignment theory of Biggs and Tang. The argument for using this
theory to develop pedagogical content knowledge is the prescribed way of designing
education, thereby prescribing teachers coming from different disciplines to formulate the
learning outcomes beyond the disciplines and thereby connecting the disciplinary subjects
(Brand & Triplett, 2012). Another argument is the resulting consistency of interdisciplinary
learning environments via the constructive alignment, which may lead to the enhancement of
student deep approaches to learning (Ten Dam, Van Hout, Terlouw, & Willems, 2004; Wang,
Su, Cheung, Wong, & Kwong, 2013).
The few available scientific publications (e.g., Holley, 2013) on the learning of IDT in
higher education focus more on the long-term (curriculum-related) rather than on the shortterm (course-related) learning processes. In addition, the few publications show an explorative
approach to investigate student learning, thereby taking a, predominantly, cognitive
theoretical perspective. Systematic research on short-term student learning processes in HEE
thereby taking, for instance, an integrated viewpoint to learning has not been conducted yet.
Additionally, the suggested analytical characterization of these learning processes (Haynes &
Brown Leonard, 2010) has also not been conducted yet. A comprehensive understanding of
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the learning processes would contribute to the development of the pedagogical content
knowledge for IDT in HEE.

1.4

Present thesis research

The present thesis research aim is to gain insight in the pedagogical content knowledge for
IDT as suggested by Boix Mansilla (2010), in order to develop a conceptual framework
representing the teaching and learning aspects of IDT that need to be taken into account. To
achieve this aim, the understanding of design criteria of IDT learning environments (teachingfocus) and the understanding of IDT learning process characteristics (learning-focus) are
considered as necessary. The gain in understanding of the design criteria starts, in the present
research, via the use of the constructive alignment theory of Biggs and Tang. In particular, the
general 3P model of teaching and learning was used as starting point to review the literature
(see chapter 2). Figure 1.1 presents the 3P model of teaching and learning for higher
education (Biggs, 1999a, 2003).
The 3P model describes the three points in time at which learning-related factors are
placed: (a) presage, before learning takes place, (b) process, during learning, and (c) product,
the outcome of learning. In addition, the 3P model represents the elements of an education
practice, which can be a curriculum, course, or classroom setting, that influence the learning
outcomes of students. In particular, the arrows of the 3P model show the mutual
interdependencies between these elements. The major flow of influence (see bold arrows in
Figure 1.1) is the joint influence of the student factors and teaching context that lead to
particular learning-focused activities, and that in turn lead to particular learning outcomes.
The premise of this theory is: “good teaching is getting most students to use the level of
cognitive processes needed to achieve the intended learning outcomes that the more academic
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students use spontaneously” (Biggs & Tang, 2011, p. 7). The theory features a studentcentred approach to teaching and learning to achieve good teaching and comprises three
levels: 1) what the student is (i.e., recognizing differences between students in learning), 2)
what the teacher does (i.e., knowing when and how deployment of teaching have the desired
effect on student learning, and 3) what the student does (i.e., teaching is to support the
learning of students). This student-centred approach to teaching and learning in higher
education differs from a content-centred approach to teaching and learning in which the
content of the particular subject(s) is centralized. The constructivism basis of this theory
matches well with the rationale of IDT (see chapter 1.1) with respect to the conduct of
knowledge construction by individuals.

Presage

Process

Product

Student factors
Prior knowledge
Ability
‘Motivation’

Learning outcomes
Learning focused-activities
Appropriate/deep
Inappropriate/surface

Teaching context

Quantitative: facts,
skills
Qualitative: structure,
transfer
Affective:
involvement

Objectives
Assessment
Climate/ethos
Teaching
Institutional procedures

Figure 1.1

3P model of teaching and learning (Biggs, 1999a, p. 18; 2003, p. 19)

Figure 1.2 presents the outcome-based design model for higher education that was used as
starting point in chapter 3 of this thesis to advance the scientific insights on design criteria.
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Intended learning outcomes
Teaching/
learning
activities

Incorporate verbs that students
have to enact as appropriate to the
context of the content discipline

Designed to
generate or
elicit desired
verbs in large
classes, small
groups, or
individual
activities may
be:

The very best outcomes that could
be reasonably expected containing
verbs as such as hypothesize,
reflect, apply to ‘far’ domains,
relate to principle

- Teachermanaged
- Peer-managed
- Self-managed
as best suits the
intended
learning
outcomes

Figure 1.2

Highly satisfactory outcomes
containing verbs such as solve
expected problems, explain
complex ideas, apply to
professional practice

Assessment
tasks
Format of tasks
such as that the
target verbs are
elicited and
displayed in
context
Criteria
specified clearly
to allow
judgement as to
student’s
performance

Quite satisfactory outcomes
containing verbs such as solve
basis problems, explain basic
ideas, use standard procedures
Minimally satisfactory outcomes
and applications; inadequate but
salvageable higher level attempts

Outcome-based design model (Biggs & Tang, 2007, p. 59; 2011, p. 105)

The outcome-based design model comprises three parts (Biggs & Tang, 2007, 2011): (a) the
intended learning outcomes, (b) teaching and learning activities, and (c) the assessment tasks.
The outcome-based design model prescribes the formulation of intended learning outcomes
followed by the formulation of teaching and learning activities, and assessment tasks. The
formulation of teaching and learning activities, and assessment tasks should be aligned with
the formulated intended learning outcomes, as schematically represented by the arrows in
Figure 1.2. Starting the design of education with defining the intended learning outcomes is
known as the outcome-based design principle and the alignment of the teaching, learning, and
assessment with the intended learning outcomes is known as the constructive alignment
design principle (Biggs, 2012; Biggs & Tang, 2011). As depicted in Figure 1.2 the intended
learning outcomes vary from minimally satisfactory outcomes and applications to the very
best outcomes demanding for cognitive activities such as reflecting, applying, relating, and
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integration. The intended learning outcome of IDT studied in this research was considered as
one of the category ‘very best outcomes’.
The gain in understanding of learning processes characteristics starts, in the present
research, via the use of the general learning theory of Illeris. In particular, the learning
triangle, representing the interrelated tensions between the three dimensions of learning, was
used in chapters 4 and 5 (Illeris, 2002, 2007) as a basis. Figure 1.3 shows the learning triangle
with these three dimensions of learning: content, incentive, and interaction.

SOCIETY

INCENTIVE

CONTENT

INTERACTION

Figure 1.3

The three dimensions of learning (Illeris, 2007, p. 26)

The learning dimensions content and incentive refer to the individual learner’s acquisition
process, represented by the horizontal arrow in Figure 1.3, and the learning dimension
interaction refers to the acquisition process of the learner and its environment, represented by
the vertical arrow in Figure 1.3. The basic conception of learning of this theory is reflected in
the multiple tensions between cognition (content dimension), emotions and psychodynamics
10
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(incentive), and social and societal aspects (interaction dimension) during the learning
processes (Illeris, 2002). The concept of learning is defined as ‘any process that in living
organisms leads to permanent capacity change and which is not solely due to biological
maturation or ageing’ (Illeris, 2007, p. 3). This means that in case of learning, the permanent
capacity change can be content-related, incentive-related, or interaction-related, or an
integrated content-incentive-interaction change. This theory, similar to the constructive
alignment theory of Biggs and Tang, also features the constructivism basis; the concept of
learning is considered as the construct of knowledge of individual learners by adapting their
mental structures, schemes, and patterns (Illeris, 2003).
Both theories, the theory of Biggs and Tang, and the learning theory of Illeris, were
used to advance the understanding on teaching and learning of IDT in HEE in order to answer
the main research question:
“Which teaching and learning aspects need to be taken into account in order to teach
engineering students IDT with respect to complex problem solving?”
Four studies were conducted to investigate the teaching and learning aspects. The first two
studies mainly focused on the teaching aspects, using the constructive alignment theory of
Biggs and Tang. Additionally, the other two studies mainly focused on the learning aspects,
using the learning theory of Illeris. Each study addressed one sub research question in order to
answer the main research question:
a.

What are the main subskills of IDT and the main enabling conditions to teach IDT in
interdisciplinary higher education? (study I)

b.

What are the key design criteria that need to be taken into account to teach engineering
students IDT in HEE? (study II)

c.

What are the key learning experiences that need to be taken into account to teach
engineering students IDT in HEE? (study III)
11
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d.

What are the typical learning challenges that need to be taken into account to teach
engineering students IDT in HEE? (study IV)

The first study reviewed the literature on teaching and learning of IDT in higher education in
general and not specific for HEE. The other three studies were conducted in HEE, in
particular, in the interdisciplinary field of food quality management (FQM). The sub research
questions feature an ‘open formulation’ due to the phase of the research field which is, yet,
attempting to deepen the understanding of the teaching and learning of IDT in higher
education. The two hypotheses, which were tested in the present thesis research, are:
1.

The constructive alignment theory of Biggs and Tang is suitable to identify design criteria
for interdisciplinary learning environments (teaching-focus)

2.

The learning theory of Illeris is suitable to characterize the learning of IDT in HEE
(learning-focus)

1.5

Research approach

The research approach features an interdisciplinary and transdisciplinary approach. The
interdisciplinary research approach includes the integration of the teaching and learning. This
approach towards teaching and learning is adopted to achieve the present thesis research aim
of developing pedagogical content knowledge. The transdisciplinary research approach
includes the integration of theory and practice via concurrent consultation of the scientific
literature and education practice. This approach is adopted to improve education practice by
disseminating research insights to practice, to conduct research that is relevant to education
practice, and to increase the external validity of present research, as being identified by
Anderman (2011) as challenges for educational psychology research. Figure 1.4 presents the
four steps of the thesis research.
12
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Step 4. Synthesis of studies
The development of a conceptual framework

Step 3. Critical evaluation
Part of study II

Step 3. Analytical
characterization

Step 3. Critical
analysis

Study III

Study IV

Step 2. Design of an interdisciplinary learning environment
Part of study II

Step 1. Literature review study
Study I

Figure 1.4 Overview of the four research steps

The first step is the conduct of a systematic literature review with respect to the teaching and
learning of IDT (study I). This review provides the theoretical basis for the second step
considering the development and implementation of an instructional design for an
interdisciplinary learning environment (part of study II). The second step provides the
empirical basis for analysing a self-designed interdisciplinary teaching and learning practice.
The third step includes the analysis of this practice from three different angles: in order (a) to
critically evaluate the instructional design of the learning environment via student evaluations
(part of study II), (b) to analytically characterize student learning processes with respect to
learning experiences (study III), and (c) to critically analyse the learning challenges, student
strategies, and outcomes of education (study IV). The fourth step includes the synthesis of the
conducted studies in order to develop a conceptual framework on the teaching and learning
aspects of IDT and to answer the main research question.
13
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The research context of steps 2 and 3 was the interdisciplinary field of FQM, which involves
the knowledge integration between technology-related and management-related disciplines
(see chapters 3, 4, and 5 for more information about FQM). The research context of the
master curriculum on FQM was chosen for a couple of reasons varying from theoretical to
practical: (a) the master curriculum is based upon theoretical concepts with respect to IDT
(Luning & Marcelis, 2006) and interdisciplinary research (Luning & Marcelis, 2007, 2009b),
(b) this curriculum aimed at the development of broad IDT which is necessary for HEE (e.g.,
Schaefer et al., 2012), (c) this curriculum features problem-centred teaching, which is one of
the identified commonly used pedagogical strategies in interdisciplinary education (Nikitina,
2006), and (d) this curriculum has several interdisciplinary courses which are provided by
teachers who have experience in interdisciplinary higher education for a number of years. It
was expected that the field of FQM is representative to explore the teaching and learning of
IDT of engineering students with respect to complex problem solving.

1.6

Thesis outline

Chapter 2 reports on the literature review on teaching and learning of IDT in higher
education. Chapter 3 reports on the critical evaluation of the implementation of the
instructional design on IDT in HEE. Chapter 4 reports on the analytical characterization of
student learning processes on IDT in HEE. Chapter 5 reports on the critical analysis of
learning challenges, student strategies, and outcomes of education in IDT. Chapter 6
synthesizes and reflects upon the research described in this thesis and presents the developed
conceptual framework on teaching and learning of IDT.
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Teaching and learning in interdisciplinary higher education: A systematic review

Abstract
Interdisciplinary higher education aims to develop boundary-crossing skills, such as
interdisciplinary thinking (IDT). In the present review study, IDT was defined as the capacity
to integrate knowledge of two or more disciplines to produce a cognitive advancement in
ways that would have been impossible or unlikely through single disciplinary means. It was
considered as a complex cognitive skill that constituted of a number of subskills. The review
was accomplished by means of a systematic search within four scientific literature databases
followed by a critical analysis. The review showed that, to date, scientific research into
teaching and learning in interdisciplinary higher education has remained limited and
explorative. The research advanced the understanding of the necessary subskills of IDT and
typical conditions for enabling the development of IDT. This understanding provides a
platform from which the theory and practice of interdisciplinary higher education can move
forward.

This chapter has been published as:
Spelt, E. J. H., Biemans, H. J. A., Tobi, H., Luning, P. A., & Mulder, M. (2009). Teaching and learning in
interdisciplinary higher education: A systematic review. Educational Psychology Review, 21(4), 365-378.

Chapter 2

2.1

Introduction

Various groups of professionals are increasingly confronted with complex issues like food
quality (Luning & Marcelis, 2006) or biodiversity conservation (Warren, 2006). In order to
deal with these issues, professionals need to be able to critically analyse, conceptualize, and
synthesize knowledge and to reach conclusions on the basis of ambiguous information
(Tynjälä, Slotte, Nieminen, Lonka, & Olkinuora, 2006). In response, higher education is
increasingly called on to train students to become capable of dealing with such complex
issues in both scientific and professional environments (Jacobson & Wilensky, 2006; Roehler,
Fear, & Herrmann, 1998).
Interdisciplinarity can help to address today’s complex issues since it is believed that a
cross-disciplinary approach facilitates a comprehensive understanding (Newell, 2007). This
belief has led to an increased interest in interdisciplinary higher education over the years
(Newell, 2010b). In comparison with traditional higher education, which focuses on domainspecific knowledge and general skills development, this kind of higher education also aims to
develop boundary-crossing skills. Boundary-crossing skills are, for instance, the ability to
change perspectives, to synthesize knowledge of different disciplines, and to cope with
complexity.
Unlike multidisciplinarity, which is additive, interdisciplinarity is integrative:
Knowledge of different disciplines is contrasted and changed by integration (Klein, 1990).
This integration or synthesis of knowledge is seen as the defining characteristic of
interdisciplinarity. As a consequence, the ability to synthesize or integrate is considered as a
beneficial learning outcome of interdisciplinary higher education. In that case, the learning
outcome is called interdisciplinary understanding or interdisciplinary thinking (IDT). Boix
Mansilla, Miller, and Gardner (2000) formulated a definition of interdisciplinary
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understanding or IDT (see chapter 1.2). According to this definition, IDT can be considered as
a complex cognitive skill that consists of a number of subskills (Van Merriënboer, 1997),
such as the ability to change disciplinary perspectives and create meaningful connections
across disciplines. IDT does not occur spontaneously, it can take a considerable amount of
time for students to achieve an adequate level of expertise in its practice. In addition, students
need help in order to be able to synthesize two or more disciplines. All too often a curriculum
is called interdisciplinary when it is actually multidisciplinary: multiple perspectives are
presented, without any support for the integration of disciplinary knowledge throughout the
curriculum. As a consequence, in curricula on food studies, for instance, students lack the
ability to integrate the required disciplinary knowledge of food processing and food
microbiology to keep bacterial growth within food safety criteria. Specific support and
learning tasks intended to develop IDT appear to be important.
Students have problems of working across disciplines, working in different disciplines,
and synthesizing different disciplines. This poses difficulties for the development of IDT in
interdisciplinary higher education. These student problems may be caused by disciplinary
differences in epistemologies, discourses, and ways of teaching (Bradbeer, 1999). In addition,
curricula that aim to develop IDT on a broad scale are likely to experience more difficulties
than curricula that aim to develop IDT on a narrow scale. This is by virtue of the fact that, in
contrast to narrow IDT, broad IDT requires the integration of disciplines across sciences
(Newell, 2007). To illustrate, the aforementioned example of integration in food safety
concerns IDT on a narrow scale. In the case of broad IDT, students are taught to integrate
knowledge of sciences like food processing and microbiology as well as social sciences, such
as management and psychology, to realize safe food production without contamination by
employees (Luning & Marcelis, 2009b). This means that students also need to overcome
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differences between sciences. Explicit attention to these disciplinary and scientific differences
appears to be a typical condition for enabling the development of IDT.
Considering the complexity of teaching and learning IDT, interdisciplinary higher
education faces challenges in accomplishing both broad and narrow IDT among its students.
Realizing desired learning outcomes demands consistent and well-designed learning
environments within a coherent and learner-centred curriculum (Ten Dam et al., 2004). For
this reason, curriculum and course developers need a comprehensive understanding of the
typical conditions that underpin the development of IDT (Stefani, 2009). This necessitates, for
example, gaining insight into the extent to which students need to be equipped with
knowledge of different disciplines as well as didactic ways of enabling integration (Chen,
Hsu, & Wu, 2009). However, in view of the lack of an applicable teaching and learning
model, it is necessary to examine the literature to seek a basis for this kind of higher
education. This line of reasoning motivated the present review of the scientific research on
teaching and learning IDT in interdisciplinary higher education.

2.2

Review framework

The objectives of the review were to systematically identify, critically analyse, and discuss
scientific research on teaching and learning IDT in interdisciplinary higher education. For this
purpose, the theory of Biggs (2003) was used as a frame of reference; it provided an
organized way of reviewing the literature that corresponded well with our line of reasoning.
This theory describes a comprehensive model for teaching and learning in higher education.
In particular, teaching and learning are conceived as an interacting system of four
components: student, learning environment, learning process, and learning outcomes (Biggs,
1993). Such a model might enable curriculum and course developers in interdisciplinary
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higher education to gain a comprehensive understanding of teaching and learning IDT. In
addition, the model follows the alignment principle, which means that teaching and learning
activities are aligned with desired learning outcomes. This principle leads to an outcomebased approach to teaching and learning that facilitates coherent and pedagogically
underpinned curriculum design.
According to Biggs (2003), the components student, learning environment, and learning
process represent several characteristics influencing the learning outcomes (see chapter 1.4).
In the present study, the student and learning environment components were similar to Biggs
(2003). Student characteristics are brought into the learning environment by the student, for
instance prior knowledge and skills. In addition, learning environment addressed situational
characteristics like teaching and assessment methods, which are decided by the institution,
curriculum, and course developers. The component learning process in this study addressed
learning process characteristics and learning activities, such as the sequencing of specific
learning activities. The component learning outcomes of Biggs’ theory (2003) was defined as
IDT and represented subskills that constitute the complex cognitive skill IDT (Van
Merriënboer, 1997).
Figure 2.1 shows the four components used in this review study in accordance with the
general teaching and learning model of Biggs (2003). As shown by the Conceptual Review
Framework (see Figure 2.1), the learning outcome IDT is determined by the other components
student, learning environment, and learning process interacting with each other. The general
direction of interaction, represented by the bold arrows, follows that of Biggs (2003): the
components student and learning environment (presage level) are precursors to the learning
process, and jointly produce the activities students undertake for a given learning task
(learning process level), and the learning process in turn produces the learning outcome IDT
(product level). All components are connected by light arrows (see Figure 2.1) in order to
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demonstrate the conceptualization of teaching and learning as an interactive system (Biggs,
1993).

Presage

Process

Product

Student

Learning
process

Interdisciplinary
thinking

Learning
environment

Figure 2.1 Conceptual Review Framework, adapted from Biggs (2003)

The main purpose of this review was to identify the subskills constituting the component IDT
and typical conditions for developing IDT as present within the components student, learning
environment, and learning process. Using the outcome-based perspective of Biggs’ theory
(2003), five research questions were formulated:
1.

Which subskills that constitute IDT within the context of interdisciplinary higher
education are mentioned?

2.

Which student conditions that influence IDT within the context of interdisciplinary higher
education are mentioned?

3.

Which learning environment conditions that influence IDT within the context of
interdisciplinary higher education are mentioned?

4.

Which learning process conditions that influence IDT within the context of
interdisciplinary higher education are mentioned?
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5.

Which relationships between student, learning environment, and learning process
conditions and IDT within the context of interdisciplinary higher education are
mentioned?

The present review study explored these research questions by (a) describing, and (b)
evaluating scientific research into teaching and learning in interdisciplinary higher education.

2.3

Method

The review process consisted of the four stages described below.

2.3.1 Formulation of inclusion and exclusion criteria
Before searching the literature, the following inclusion criteria were formulated. First, each
publication should be relevant, meaning that the publication should examine teaching and
learning in interdisciplinary higher education within the scope of the Conceptual Review
Framework (see Figure 2.1). Second, each publication should be peer reviewed. Third,
publications written in English, German, and Dutch were included, as the authors could read
and understand these languages. Finally, the time span of the literature search was limited to
1992-2009 to provide an overview of the most recent research in this field. Publications
reporting on individual faculty experiences, courses, curricula, or projects without any
scientific examination of teaching and learning were excluded. Publications on institutional or
organizational topics such as the implementation of interdisciplinary higher education fell
outside the scope of this review.
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2.3.2 Development of a search strategy
In order to develop a search strategy appropriate to the main purpose of this review, various
search terms were listed, such as multidisciplinary learning and integrated approach. After
careful consideration of the consequences of removing potential search terms, the following
search terms were identified as being the most informative: interdisciplinary thinking,
interdisciplinary understanding, interdisciplinary teaching, interdisciplinary course,
interdisciplinary courses, interdisciplinary curriculum, interdisciplinary curriculums,
interdisciplinary curricula, interdisciplinary program, interdisciplinary programs,
interdisciplinary programmes, interdisciplinary education, and interdisciplinary learning,
each in combination with undergraduate, graduate, higher education, and university.
Quotation marks were used to search for phrases. The chosen search strategy focused on title,
abstract, and keywords in order to obtain publications with a clear focus on teaching and
learning within the context of interdisciplinary higher education. The chosen search terms
followed the four components of the Conceptual Review Framework (see Figure 2.1). For the
component student, no search terms were identified since the term interdisciplinary student
was not used and student only resulted in too many irrelevant publications. In view of this, it
was hoped that the search terms identified for the components IDT, learning environment, and
learning process would reveal publications concerning the component student.

2.3.3 Identification of relevant publications
Four databases were searched: the Educational Resources Information Centre (ERIC)
catalogue, the Science Citation Index Expanded (SCI-EXPANDED), the Social Sciences
Citation Index (SSCI), and the Arts & Humanities Citation Index (A&HCI); the latter three
provided by the Web of Science®. The abstracts of the publications resulting from the
aforementioned search strategy were screened for relevancy. If the abstract did not provide
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sufficient information, then the full text was scanned to determine whether or not the
publication met the inclusion criteria. The identification process was carried out twice by the
first author for two reasons: (a) to be sure that all relevant publications were included, and (b)
to categorize the non-relevant publications. Where the identified relevant publications
reported on the results of the same study, the publication with the most extensive coverage of
the reported study was included in the analysis.

2.3.4 Critical analysis and exploration
Following careful reading, the critical analysis was carried out using a self-devised literature
review form based on the review framework adopted in this study. This provided the scope
for the description and evaluation of the found publications. The literature review form also
served to standardize the critical analysis. The form consisted of two parts: (a) questions
intended to afford insight into the research design characteristics of the publications, thereby
enabling the description of scientific research into teaching and learning in interdisciplinary
higher education, and (b) questions formulated to embody the principles of Biggs’ theory,
thereby enabling the evaluation of the scientific research into teaching and learning in
interdisciplinary higher education. The formulated questions were applicable to the analysis
of theoretical publications as well as empirical research. The form contained descriptive
questions with, in most cases, a short-answer possibility. A detailed answer should always be
provided to clarify the given short answers. In order to explore our research questions, only
typical conditions for enabling the development of IDT were included. Conversely, general
conditions such as student motivation or congruence between learning goals and assessment
were not included. Once all the publications had been reviewed and the review forms had
been completed, the identified research design characteristics and the identified presence of
Biggs’ principles were examined. In addition, a content analysis of the extracted subskills and
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conditions was conducted. This analysis included two steps: (a) all extracted subskills and
conditions were categorized according to the four components of the Conceptual Review
Framework (see Figure 2.1), and (b) similar subskills or conditions were grouped and labeled.

2.4

Results and discussion

2.4.1 Description of scientific research into teaching and learning in interdisciplinary
higher education
The search resulted in 309 unique publications. Of these, 14 publications met the
aforementioned criteria for inclusion. While two relevant publications reported on the same
empirical study results, only the publication with the most extensive coverage was included.
Of those 13 relevant publications, ten were empirical and three were theoretical studies. The
publications that were removed included 172 describing individual faculty experiences,
courses, curricula, or projects and 73 publications that fell outside the scope of this review.
Also excluded were 50 publications on a different topic.
The majority of the reviewed publications (11 out of 13) were published in the twentyfirst century and in the domain of education (nine out of 13). All relevant publications were
written in English. Three publications – Boix Mansilla and Duraising (2007) and Nikitina
(2005, 2006) – concerned one particular research project on interdisciplinarity at Harvard
University.
A broad range of topics on teaching and learning was researched. This resulted in:
potential frameworks (seven out of 13), best practices (four out of 13), and essential
conditions (two out of 13). To start with the proposed frameworks, these publications
considered the following teaching and learning topics: an adaptation of Biggs and Collis’
Structure of Observed Learning Outcome (SOLO) taxonomy to illustrate interdisciplinary
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learning (Ivanitskaya, Clark, Montgomery, & Primeau, 2002), a proposed research agenda
based on teaching and learning theories to encourage research in the field of interdisciplinary
higher education (Lattuca et al., 2004), a framework illustrating three major cognitive
movements in interdisciplinary thought (Nikitina, 2005), three strategies for interdisciplinary
teaching (Nikitina, 2006), four dimensions of a potential interdisciplinary pedagogy
(Manathunga, Lant, & Mellick, 2006), an empirically grounded framework for assessing
students’ interdisciplinary work (Boix Mansilla & Duraising, 2007), and a framework for
conceptualizing interdisciplinary classroom communication (Woods, 2007). Second, best
practices dealt with the relationship between disciplinary background and interdisciplinary
education (Newell, 1992), with the lack of adequate and appropriate methods for assessing
interdisciplinary higher education programs (Field & Lee, 1992), with the experiences of
graduate students who pursued interdisciplinary studies (Graybill et al., 2006), and a
successful course approach (Eisen, Hall, Soon Lee, & Zupko, 2009). Third, the following
essential conditions were identified through the evaluation of two interdisciplinary training
programs: participation, training in group skills, information sharing, networking, critical
reflection (Gilkey & Earp, 2006), participation in a collaborative interdisciplinary team
project, and faculty mentors (Misra et al., 2009).
As a rule, the empirical studies (ten out of 13) used surveys, interviews, observations,
product appraisal, and reflection on experiences as their research methods. The theoretical
studies (three out 13) put forward several theories such as Perry and Vygotsky (e.g., Lattuca
et al., 2004) to describe the phenomenon under examination, but lacked empirical evidence.
The educational context of the reported studies varied: undergraduate and graduate curricula
in sciences, social sciences, and humanities and the studies were mainly conducted in the
United States (12 out of 13).
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2.4.2 Evaluation of scientific research into teaching and learning in interdisciplinary
higher education
The evaluation based on the principles of Biggs’ theory (2003) showed that all publications
reviewed were explorative. The research field is still in the phase of attempting to deepen the
understanding of the nature of interdisciplinary higher education. This formative stage of
development can be attributed to the perceived lack of specific educational models and
empirical research in this field (e.g., Woods, 2007). Accordingly, strong empirical studies
addressing the research questions of this review study were lacking.
The evaluation also revealed the absence of a comprehensive view of teaching and
learning; the reviewed publications adopted a narrower focus. Using the Conceptual Review
Framework (see Figure 2.1) to categorize the aforementioned researched teaching and
learning topics resulted in nine publications that addressed mainly learning environment, two
publications that addressed mainly IDT, two publications that addressed mainly learning
process, and zero publications that addressed mainly student. In addition, there was slight
evidence of the outcome-based approach as adopted in this review study. Three of the
reviewed publications (Boix Mansilla & Duraising, 2007; Nikitina, 2005; Woods, 2007) tend
towards the outcome-based approach. Concerning the conceptualization of IDT, Boix
Mansilla and Duraising defined IDT in a manner similar to that used in this review study. The
other publications referred to the synthesis or integration characteristic of interdisciplinarity.
The content analysis resulted in an understanding of potential subskills that constitute
IDT and potential conditions for enabling the development of IDT (see Table 2.1).
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Table 2.1

Overview of potential subskills and conditions; potential subskills and conditions for
interdisciplinary higher education

Interdisciplinary
thinking

Having knowledge

Having skills

knowledge of disciplines

higher-order cognitive skills

knowledge of disciplinary paradigms

communication skills

knowledge of interdisciplinarity
Personal characteristics

Prior experiences

curiosity

patience

social

respect

diligence

educational

openness

self-regulation

Curriculum

Teacher

Pedagogy

Assessment

balance between

intellectual

aimed at achieving

of students’

disciplinarity and

community focused

interdisciplinarity

intellectual

interdisciplinarity

on

Student

maturation

interdisciplinarity
disciplinary

expertise of

aimed at achieving

Learning

knowledge inside or

teachers on

active learning

environment

outside courses on

interdisciplinarity

of interdisciplinarity

interdisciplinarity
consensus on

aimed at achieving

interdisciplinarity

collaboration

team development
team teaching

Learning
process

Pattern

Learning activities

phased with gradual advancement

aimed at achieving interdisciplinarity

linear

aimed at achieving reflection

iterative
milestones with encountering questions
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Despite the differing focus of the reviewed publications, similarities in subskills and
conditions were noticed. To illustrate, phased with gradual advancement (see Table 2.1) was
suggested by three publications (Ivanitskaya et al., 2002; Manathunga et al., 2006; Woods,
2007). Similar subskills and conditions were subsequently grouped and labeled. While
conditions and subskills were mentioned in several of the reviewed publications within the
context of a narrower focus as referred to above, it was necessary to synthesize the insights
found to construct a full picture of teaching and learning in interdisciplinary higher education
according to Biggs’ theory. In view of the nature of the present research, the need for
empirical evidence is recognized.
Table 2.1 shows that in becoming capable of IDT, the reviewed publications suggested
the importance of two categories having knowledge as well as having skills. Each category
consists of a number of subskills such as knowledge of disciplinary paradigms and
communication skills. In addition, in enabling IDT the publications suggested the importance
of eight categories (see Table 2.1): personal characteristics, prior experiences (student
component), curriculum, teacher, pedagogy, assessment (learning environment component),
pattern, and learning activities (learning process component). Each category consists of a
number of typical conditions, ranging from two to six, such as openness, intellectual
community focused on interdisciplinarity, pedagogy aimed at achieving collaboration, and
learning activities aimed at achieving reflection.
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2.5

Exploration of research questions

2.5.1 Which subskills that constitute interdisciplinary thinking within the context of
interdisciplinary higher education are mentioned?
Five subskills, divided into two categories, seemed to be important to become capable of IDT
(see Table 2.1). The first category, having knowledge, consists of three subskills: knowledge
of disciplines, knowledge of disciplinary paradigms, and knowledge of interdisciplinarity.
These subskills suggest the importance of disciplinary declarative, procedural, and paradigm
knowledge, such as the characteristics of natural and social scientific theories as, for instance,
classified by Szostak (2003), supplemented with knowledge of interdisciplinarity, such as
knowing the differences between disciplinarity, multidisciplinarity, and interdisciplinarity.
Acquisition of these types of knowledge appears to be required for enabling students to step
beyond the disciplinary theories and methods in order to make connections between
disciplines, to identify disciplinary contradictions, and to consider opportunities for
integration at a meta-level (Boix Mansilla & Duraising, 2007). In particular, explicit attention
to the students’ exposure to disciplines and meta-coordination seems to be important to avoid
their feeling overwhelmed and losing the curricular thread (Eisen et al., 2009; Manathunga et
al., 2006).
The other category, having skills, consists of higher-order skills and communication
skills. Higher-order skills indicate the necessary ability to search, identify, understand,
critically appraise, connect, and integrate theories and methods of different disciplines and to
apply the resulting cognitive advancement together with continuous evaluation (Boix
Mansilla & Duraising, 2007; Ivanitskaya et al., 2002; Woods, 2007). Inherently, this also
requires the ability to change disciplinary perspectives, to switch between depth and breadth,
and to transfer new knowledge structures to other appropriate contexts. Communication skills
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indicate the necessity of learning the language of discourse of different disciplines in order to
be able to negotiate meaning, resolve epistemological differences, develop shared
understanding, and to communicate cognitive advancements to a broad audience (Manathunga
et al., 2006; Woods, 2007).

2.5.2 Which student conditions that influence interdisciplinary thinking within the
context of interdisciplinary higher education are mentioned?
Eight student conditions, divided into two categories, seemed to be important to enabling IDT
(see Table 2.1).The first category, personal characteristics, includes six conditions. The three
conditions curiosity, respect, and openness point at the necessary appreciative attitude
towards other disciplines (Bruce, Lyall, Tait, & Williams, 2004). Importantly, students
appeared to have a wide variation in attitude towards other disciplines (Woods, 2007). The
other three conditions patience, diligence, and self-regulation likely refer to characteristics
essential to enabling the production of a cognitive advancement. The second category, prior
experiences, includes the two conditions social experiences and educational experiences.
These conditions point at, for instance, students’ experienced way(s) of thinking, styles of
teaching, and beliefs about the nature of knowledge and learning (Lattuca et al., 2004).

2.5.3 Which learning environment conditions that influence interdisciplinary thinking
within the context of interdisciplinary higher education are mentioned?
Twelve learning environment conditions, divided into four categories, seemed to be important
to enabling IDT (see Table 2.1). The first category, curriculum, consists of two conditions:
balance between disciplinarity and interdisciplinarity and disciplinary knowledge inside or
outside courses on interdisciplinarity. In particular, an overarching framework that links and
sequences curricular content seems to be essential to provide both context and a roadmap for
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learning (Newell, 1992). The second category, teacher, contains five conditions: intellectual
community focused on interdisciplinarity, expertise of teachers on interdisciplinarity,
consensus on interdisciplinarity, team development, and team teaching. These conditions refer
to the importance of teacher teams and their professional development in interdisciplinarity as
a means of facilitating the necessary understanding and integration of each other’s’ disciplines
and of realizing a safe environment in which to mentor students on their journey towards
interdisciplinarity (Gilkey & Earp, 2006; Graybill et al., 2006; Newell, 1992). The third
category, pedagogy, includes three conditions: pedagogy aimed at achieving
interdisciplinarity, pedagogy aimed at achieving active learning, and pedagogy aimed at
achieving collaboration. These conditions seem to point to the necessity of learning tasks that
actively engage students in applying knowledge rather than memorizing facts, in collaboration
with peers in other disciplines to encourage an appreciation of ambiguity (Manathunga et al.,
2006). In addition, such learning tasks need to provide students with the opportunity to gain
experience of inquiry activities typical of interdisciplinarity, for instance, the negotiation of
common ground (Woods, 2007). The fourth category, assessment, includes the condition
assessment of students’ intellectual maturation, which seems to point to the importance of a
formative assessment of IDT subskills. This category also includes the condition assessment
of interdisciplinarity that suggests a summative assessment of the learning outcome IDT. Both
conditions suggest assessment instruments that include a combined development and
performance perspective to help teachers as well as students to analyse the progression of IDT
(Field & Lee, 1992; Ivanitskaya et al., 2002; Woods, 2007).
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2.5.4 Which learning process conditions that influence interdisciplinary thinking within
the context of interdisciplinary higher education are mentioned?
Six learning process conditions, divided into two categories, seemed to be important to
enabling IDT (see Table 2.1). The first category, pattern, contains four conditions: phased
with gradual advancement, linear, iterative, and milestones with encountering questions.
These four conditions seem to point to the need for a gradual, linear, phased pattern combined
with predetermined learning outcomes that serve as milestones for each phase in which
students are repeatedly exposed to IDT (Graybill et al., 2006; Ivanitskaya et al., 2002;
Manathunga et al., 2006; Woods, 2007). It has been suggested that this development process
may follow that of Biggs’ SOLO taxonomy (Ivanitskaya et al., 2002) or intellectual
maturation theories such as that of Perry (Field & Lee, 1992). The second category, learning
activities, includes the conditions learning activities aimed at achieving interdisciplinarity
and learning activities aimed at achieving reflection. Both conditions likely refer to the need
for learning activities aiming at the acquisition of subskills of IDT. In particular, provoking
students in contrasting and conflicting disciplinary perspectives combined with developing a
critical stance seems to be essential to stimulate students to depart from their notion of
absolute knowledge (Ivanitskaya et al., 2002; Lattuca et al., 2004).

2.5.5 Which relationships between student, learning environment, and learning process
conditions and interdisciplinary thinking within the context of interdisciplinary
higher education are mentioned?
No empirical evidence was provided by the publications reviewed regarding the relationships
between student, learning environment, and learning process conditions and IDT. However
the review results, as presented in Table 2.1, do provide the basis for several hypothetical
relationships between the identified conditions and the learning outcome IDT. It can be
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hypothesized, for instance, that the student condition curiosity and the learning environment
condition team teaching have a positive relationship with the development of IDT. In
addition, phased with gradual advancement appears to be a desirable condition of the learning
process that is positively related with the learning outcome IDT and so on. Importantly, a
proper balance between knowledge and skills development, repeated exposure, and
scaffolding appears to be required to enable IDT (Ivanitskaya et al., 2002; Manathunga et al.,
2006; Woods, 2007).

2.6

Conclusions and considerations

This literature review set out to disclose the subskills that constitute IDT and to unravel the
typical student, learning environment, and learning process conditions that enable IDT
development in interdisciplinary higher education. The first finding is that despite repeated
acknowledgement of the lack of scientific research in the field of teaching and learning in
interdisciplinary higher education (e.g., Lattuca et al., 2004), to date, such research has been
limited and explorative. Second, the present review should be regarded as one of the first
scientific studies to offer a clear and comprehensive view of the teaching and learning IDT in
interdisciplinary higher education. Third, the adopted outcome-based approach, consistent
with the theory of Biggs (2003), also appears to be innovative in interdisciplinary higher
education presumably because interdisciplinary higher education is still being defined not in
terms of what students gain in ability but in terms of its own pedagogical characteristics. It is
desirable that the proposed performance view of interdisciplinary higher education be adopted
since: (a) recent research (Misra et al., 2009) has exemplified the difficulty in realizing the
beneficial synthesis or integration outcome, and (b) it will promote the unification of
terminology as exemplified in the present review study, the need for which has been identified
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(e.g., Manathunga et al., 2006). Fourth, the research designs in the reviewed publications
inevitably differed in quality. In this review study, the methodological quality of the research
designs were not taken into account as such. However, generally speaking, it is clear from the
review results that in order to move scientific research in this field a step forward, strong
empirical studies are needed.
The present systematic review study has advanced the understanding of the potential
subskills and conditions (see Table 2.1) that can serve as the basis for strong empirical
studies. The subskills of IDT that were obtained are: knowledge of disciplines, knowledge of
disciplinary paradigms, knowledge of interdisciplinarity, higher-order cognitive skills, and
communication skills. The student conditions that were obtained are: curiosity, respect,
openness, patience, diligence, self-regulation, social experiences, and educational
experiences. The learning environment conditions that were obtained are: balance between
disciplinarity and interdisciplinarity, disciplinary knowledge inside or outside courses on
interdisciplinarity, intellectual community focused on interdisciplinarity, expertise of teachers
on interdisciplinarity, consensus on interdisciplinarity, team development, team teaching,
pedagogy aimed at achieving interdisciplinarity, pedagogy aimed at achieving active learning,
pedagogy aimed at achieving collaboration, assessment of students’ intellectual maturation,
and assessment of interdisciplinarity. The learning process conditions that were obtained are:
phased with gradual advancement, linear, iterative, milestones with encountering questions,
learning activities aimed at achieving interdisciplinarity, and learning activities aimed at
achieving reflection.
Despite the modest number of relevant publications found, this review should be
considered as a suitable preparatory study, encouraging others to explore the field of teaching
and learning IDT in more depth. The number of publications was found to be sufficient to
explore our research questions. The theory of Biggs (2003) has been helpful in: (a)
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recognizing similarities in subskills and conditions between the reported studies despite their
differing focus, and (b) providing an organized way of identifying and categorizing these
subskills and conditions. In retrospect, the selected time span of the literature search,
languages, scientific literature databases as well as the search strategy used were adequate for
the purposes of this review. Although no specific search terms concerning the component
student were included, eight possible conditions could be extracted (see Table 2.1).

2.7

Suggestions for further research

Further research should examine whether empirical evidence can be found for the subskills
and conditions obtained in the present study (see Table 2.1). Strong empirical research is
required to test hypothetical relationships between student, learning environment, and
learning process conditions and IDT within the context of interdisciplinary higher education.
Such testing would open the way for research into the exact nature of these relationships; for
example, the extent of the influence of one factor on another, the stability of such influence
and its mutation over time. Additionally, empirical research should focus on identifying the
optimum combination of conditions to enable IDT. In particular, research into the extent and
sequence of knowledge and skills development and the balance between knowledge and skills
development is recommended (Ivanitskaya et al., 2002; Manathunga et al., 2006; Woods,
2007).
Investigation whether the proposed performance view of curriculum design in
interdisciplinary higher education does indeed facilitate the achievement of the learning
outcome IDT is recommended. It would be interesting to investigate if and how the
operationalization of the learning outcome IDT differs along interdisciplinary higher
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education curricula lines, between curricula with a focus on narrow and broad IDT and
between educational contexts (Boix Mansilla & Duraising, 2007; Nikitina, 2005, 2006).
To summarize, while interdisciplinary higher education is commonly practiced
nowadays, a surprisingly small body of theory has accumulated. The present systematic
review has analysed some of that theory in order to establish a platform from which the theory
of interdisciplinary higher education can be moved forward. It is hoped that this will
encourage further empirical research that will lead in time to a framework for interdisciplinary
higher education design and will deepen understanding of the nature of teaching and learning
IDT.
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Constructively aligned teaching and learning in higher education in engineering: What
do students perceive as contributing to the learning of interdisciplinary thinking?

Abstract
Increased attention to the need for constructively aligned teaching and learning in
interdisciplinary higher education in engineering (HEE) is observed. By contrast, little
research has been conducted on the implementation of the outcome-based pedagogical
approach to interdisciplinary HEE. Therefore, the present design-based research was
undertaken to develop, implement and evaluate a constructively aligned learning environment
in the interdisciplinary field of food quality management. The practical aims were to reduce
the perception held by the students of choppiness and to prevent them floundering in the
disciplines; the theoretical aim was to accumulate theory on learning environment aspects that
would help students to learn interdisciplinary thinking (IDT). The design-focused evaluation
among 26 students showed that the practical aims were met and concerning the theoretical
aim, eight learning environment aspects were identified such as learning within an
interdisciplinary framework. Further research should validate these aspects to continue with
tackling teacher challenges on teaching IDT.

This chapter has been published as:
Spelt, E. J. H., Luning, P. A., Van Boekel, M. A. J. S., & Mulder, M. (2015). Constructively aligned teaching
and learning in higher education in engineering: What do students perceive as contributing to the learning of
interdisciplinary thinking? European Journal of Engineering Education, 40(5), 459-475.

Chapter 3

3.1

Introduction

Various pedagogical approaches to interdisciplinary higher education have been implemented
worldwide (Franks et al., 2007; Froyd & Ohland, 2005; He, Chen, & Wu, 2011; Ivanitskaya et
al., 2002; Johannes & Kasteren, 1996; Liebert, 2013; Lok, 2008; Ollis, 2004; Pharo, Davison,
McGregor, Warr, & Brown, 2014; Tong, 2010; Vale et al., 2012; Van Zonneveld, 1996).
These approaches differ from one another with respect to their intended learning outcomes
and their designs. Among the various intended learning outcomes employed by these
approaches are the following: the ability to work in multidisciplinary teams (Boni, Weingart,
& Evenson, 2009; Chanan et al., 2012; Hersam, Luna, & Light, 2004); the ability to integrate
disciplinary knowledge (Fortuin et al., 2013; Guo & Liu, 2011); and the ability to solve
complex problems (Mascarelli, 2013; Mobley et al., 2014; Ng, Yap, & Hoh, 2011). The
various designs used in interdisciplinary higher education are, by way of example, short-term
training sessions (Hackett & Rhoten, 2009; Schmidt et al., 2012), mid-term courses (Nardone
& Lee, 2011; Rhee, Cordero, & Quill, 2010; Wagner et al., 2012) and long-term curricula
(Gero, 2013; Knight, Lattuca, Kimball, & Reason, 2013; McFadden et al., 2011). Other
aspects of the designs that differ from approach to approach are, for instance, the instructional
strategies used by teachers and the roles of the disciplines (Augsburg et al., 2013; Davies,
Devlin, & Tight, 2010; Klein, 2005; Newell, 1992).
The defining characteristic of interdisciplinary or interdisciplinarity is the ability to
integrate disciplinary knowledge (Klein, 1990). When this complex cognitive skill is not
taught, it is likely that the teaching and learning will remain multidisciplinary, which is an
additive process and does not involve the integration of disciplinary knowledge. The skill of
disciplinary knowledge integration can be performed by individuals (Augsburg, 2006;
Nikitina, 2005) or by interdisciplinary collaborations (O'Rourke, Crowley, Eigenbrode, &
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Wulfhorst, 2013; Thompson, 2009). In interdisciplinary higher education, the name given to
the ability to integrate or synthesize knowledge of disciplines is 'interdisciplinary thinking'
(IDT), or 'interdisciplinary understanding' (Eisen et al., 2009; Spelt, Biemans, Tobi, Luning,
& Mulder, 2009). In IDT, the blending of knowledge enables the integration of the
disciplinary knowledge and allows an advance in understanding (Klein, 2010). This
integration ability is an important intellectual cognitive activity of our minds that need to be
taught as intended learning outcome across interdisciplinary higher education (Eckstein, 1976;
Gardner, 2008; Harrison, Macpherson, & Williams, 2007; Newell, 2010a). IDT was defined
in literature (Boix Mansilla & Duraising, 2007; Boix Mansilla et al., 2000) as the ability to
integrate disciplinary knowledge to achieve a cognitive advancement that would have been
impossible by the use of one single discipline (see chapter 1.2). In interdisciplinary
classrooms, the intended learning outcome on IDT can be, for instance, a conceptual model
that demonstrates the application of factors derived from different disciplines (Boix Mansilla
& Duraising, 2007; Repko, 2012). The definition of IDT provides scope for various specific
intended learning outcomes on IDT. For each of these specific learning outcomes of IDT, the
disciplinary perspectives are blended by students to bring about an advance in understanding.
While the need for empirical research into the successfulness of pedagogical approaches
to teaching and learning IDT in higher education is recognized (Gouvea, Sawtelle, Geller, &
Turpen, 2013; Lattuca et al., 2004; Nikitina, 2006; Woods, 2007) such empirical research
with regard to engineering students is still limited. Previous empirical research for
engineering students indicated that the lack of coherence between course elements (Eisen et
al., 2009) and the lack of clarity as to the learning outcomes (Borrego & Cutler, 2010) may
result in perceptions by students that the course is 'choppy', that is, just bits and pieces, and
that they themselves are floundering in the disciplines. Eisen et al. (2009, p. 103) reported that
the most common complaint about the designed interdisciplinary courses was still their
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tendency towards choppiness and lack of clear connection or organization, despite their
efforts. A pedagogical approach that has been identified as having the potential to prevent
these perceptions is the outcome-based pedagogical approach (Gharaibeh et al., 2013;
Lattuca, Knight, & Bergom, 2013). It is argued that the constructive alignment principle of
the outcome-based pedagogical approach may help teachers in designing consistent
interdisciplinary learning environments and may help students in understanding what is
expected from them in those learning environments (Borrego & Cutler, 2010; Yang, 2009).
The implementation of the constructive alignment principle likely leads to the required
supportive environments to achieve the interdisciplinary learning outcomes (J. A. Smith &
Carey, 2007; Stefani, 2009).
It is the interplay between the concepts outcome-based education, constructive
alignment and interdisciplinarity that likely amplify the fostering aid of interdisciplinary
learning environments in supporting students to achieve the intended learning outcome on
IDT. The concept of outcome-based education considers a precise clarification of intended
learning outcomes; these outcomes represent the desired students’ performances on particular
abilities or competencies (Spady, 1994). The emphasis on students’ performances led to a
student-centred way of teaching. Additionally, the concept constructive alignment considers a
precise formulation of teaching, learning and assessment that perfectly matches with the
intended outcomes (Harden, Crosby, & Davis, 1999). The focus on a perfect match leads to
the design of consistent learning environments. The concept interdisciplinarity considers a
precise explanation of connections between relevant disciplinary insights (Newell, 2007). The
scrutiny of those connections results in a comprehensive understanding which is required for
IDT. The joint use of outcome-based education, constructive alignment, and
interdisciplinarity by designers of interdisciplinary higher education would contribute to the
design of consistent and supportive learning environments with clear connections between the
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disciplinary course elements, aiming at the intended learning outcomes of students
demonstrating the connections of relevant disciplinary insights and their gained
comprehensive understandings.
The present research implemented the outcome-based pedagogical approach to
interdisciplinary higher education within the context of a food quality management (FQM)
course. This course on FQM encountered problems with perceived choppiness and poor
alignment. The practical aims of the implementations were to reduce the perception held by
the students of choppiness and to prevent them floundering in the disciplines; the theoretical
aim was to accumulate theory on key learning environment aspects that would help students
to learn IDT. These research aims were formulated in agreement with the methodology of
design-based research in education that features the simultaneous pursuit of theory building
and practical improvement by analysis of students’ reasoning and of the learning
environment (Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003; Plomp & Nieveen, 2013).
The present research focus was on theory building in the field of key aspects of
interdisciplinary learning environments (Gilkey & Earp, 2006; Misra et al., 2009), instead of
theory building in the field of interdisciplinary collaborations among faculties in higher
education (Kockelmans, 1979; Pharo et al., 2012; Wolman, 1977), or theory building on
designing interdisciplinary curricula in higher education (Chandramohan & Fallows, 2009;
Chen et al., 2009; Haynes, 2002; Holley, 2009). The conviction that student inquiry can help
in assessing the quality of the designed prototypes (Aziz, Yusof, & Yatim, 2012; Biggs &
Tang, 2011; Fernandez et al., 2012; Graybill et al., 2006; Sandoval & Bell, 2004) has led to
several investigations in interdisciplinary HEE using student inquiry (Ng et al., 2011; Rhee et
al., 2010; Wagner et al., 2012). The needed advance in scientific understanding into key
design aspects for interdisciplinary HEE (Hmelo-Silver & Azevedo, 2006; Richter & Paretti,
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2009; Rives-East & Lima, 2013; Vedeld & Krogh, 2005) via design-based research and
student inquiry motivated the present research.

3.2

Roots of the actual design of the interdisciplinary learning environment

The actual design of the constructively aligned interdisciplinary learning environment (see
chapter 3.3) was based chiefly on outcome-based education theory (chapter 3.2.1), a literature
review of the teaching and learning of IDT (chapters 3.2.2 and 3.2.3), and the course content
for FQM (chapter 3.2.4).

3.2.1 Outcome-based pedagogical approach
The pivotal characteristic of the outcome-based pedagogical approach is the emphasis placed
on the learning outcomes that are intended to be achieved in the learning environment.
Therefore, the outcome-based pedagogical approach requires the precise clarification of what
students need to enact (Biggs, 1999b, 2012). This requirement stems from the conviction that
student achievement is enhanced when the learning outcomes are clarified by teachers and
designers. The intended learning outcomes need to be clarified into terms of verbs that
suggest abilities such as memorize, classify, analyse, and build. The outcome-based
pedagogical approach of Biggs and Tang (2007) also features the constructive alignment
principle, which prescribes the alignment of the individual instructional elements with the
intended learning outcomes. The outcome-based design model for higher education of Biggs
and Tang (2011, p. 105) comprises three parts: the intended learning outcomes, the teaching
and learning activities, and the assessment tasks (see chapter 1.4). These parts need to be
constructively aligned in designing education. The outcome-based pedagogical approach can
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be used in either aligning curricula, aligning courses, or aligning the actual teaching in
classrooms.

3.2.2 Subskills of interdisciplinary thinking
The mastery of five subskills likely leads to the achievement of the intended learning
outcomes of IDT (Spelt et al., 2009). These five subskills are: (a) having knowledge of
disciplines, (b) having knowledge of disciplinary paradigms, (c) having knowledge of
interdisciplinarity, (d) higher-order cognitive skills, and (e) communication skills. The
subskills (d) and (e) concern the mastery of functioning knowledge which is explained as
knowing how to apply knowledge. For example, knowing how to communicate the cognitive
advancements, subskill (e), resulting from blending the knowledge of the disciplinary
perspectives is a necessary ability of being an interdisciplinarian (Woods, 2007). The five
subskills of IDT can be considered as intermediate learning outcomes helping teachers and
designers in identifying essential teaching, learning, and assessing activities to achieve the
intended learning outcomes of IDT.

3.2.3 Enabling conditions to develop interdisciplinary thinking
Particular enabling conditions embedded in the learning environment likely foster the
development of IDT (Spelt et al., 2009). The categories of enabling conditions are: (a)
personal characteristics, (b) prior experiences, (c) teacher, (d) pedagogy, (e) learning process
pattern, (f) learning activities, and (g) assessment. These categories are grounded in the
concepts of outcome-based education and constructive alignment (Spelt et al., 2009). More
specifically, each category provides enabling conditions that are aligned with student
achievements in learning outcomes of IDT. The enabling conditions in categories (a) and (b)
are student attributes, whereas those in categories (c)–(g) are attributes of the learning
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environment itself. This distinction has consequences for the manner in which these
conditions can be embedded in the learning environment. For example, embedding of
enabling conditions of categories (c)–(g) is expressed as follows: the greater the presence of
the enabling conditions of categories (c)–(g) in the learning environment, the more that will
facilitate student achievement of the intended learning outcomes on IDT. These enabling
conditions can be considered as design propositions necessary to be embedded in the actual
design of an interdisciplinary learning environment.

3.2.4 Interdisciplinary and problem-based learning in food quality management
The interdisciplinary course on FQM teaches the ‘Techno-Managerial’ (T-M) approach which
involves the integration of disciplinary knowledge from the technological disciplines and the
managerial disciplines (Luning & Marcelis, 2006). The T-M approach is to deal with the
complexity involved in managing the quality of food products. The complexity lies in the fact
that the causes of food quality problems may lie within one or more disciplines. The course
teaches students complex problem-solving which involves four sequential phases of an
interdisciplinary research process (Luning & Marcelis, 2009b). In each of these phases,
students are required to apply the T-M approach. The first research phase considers the
appreciation of the complex FQM problem followed by an in depth analysis of the problem in
the second research phase. The third research phase deals with diagnosing the actual problem
situation to bring about the best solution in the fourth research phase (Luning & Marcelis,
2009b). The new learning environment included these four phases with the aim of achieving
in each phase the intended learning outcome of IDT. This problem-based learning as a
teaching strategy is one of the three commonly used pedagogical strategies for
interdisciplinary teaching (Nikitina, 2006).
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3.3

Actual design of the constructively aligned interdisciplinary learning
environment

Table 3.1 shows the actual design of the learning environment in a format analogous to that of
the outcome-based design model of Biggs and Tang (2011).

Table 3.1

The actual design of the constructively aligned interdisciplinary learning environment

Teaching and learning

Specific intended learning

Assessment

elements

outcomes

elements

1. Lecture

I. Apply

5. Plenary

Content, skills, and methodology

Disciplinary knowledge integration

Feedback by teachers with the aim

lectures with the aim of teaching

which is achieved by applying the

of assessing the intended learning

the subskills of IDT

T-M approach to the complex

outcomes of IDT

problem
2. Individual task

II. Construct

6. Peer

Interdisciplinary problem-solving

Disciplinary knowledge integration

Feedback by students with the aim

task with the aim of learning the

which is achieved by constructing

of assessing the intended learning

five subskills of IDT

the T-M research instrument

outcomes of IDT

3. Individual presentation

III. Identify

7. Individual

Progress and final presentations by

Disciplinary knowledge integration

Feedback by teachers with the aim

students with the aim of learning

which is achieved by identifying

of assessing the five subskills and

from each other’s individual

the technological and managerial

the intended learning outcomes of

outcomes concerning IDT

causes for the complex problem

IDT

4. Group task

IV. Create

8. Self

Group interdisciplinary problem-

Disciplinary knowledge integration

Reflection by students with the aim

solving with the aim of

which is achieved by creating the

of assessing the five subskills and

collaboratively learning the five

interdisciplinary argument in

the intended learning outcomes of

subskills of IDT

support of the best solution for the

IDT

complex problem

The four specific intended learning outcomes are a sequential line of outcomes (outcomes IIV) in agreement with the four phases of the interdisciplinary research process taught in this
course. The learning periods of these four learning outcomes were of similar duration, thereby
providing the students with repeated opportunities to learn IDT. The teaching and learning,
and the assessment elements (elements 1-8) were constructively aligned with each of the four
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intended learning outcomes. The teaching element (1) lecture was to teach the five subskills
of IDT (Table 3.1) whereas the learning elements of the (2) individual task, (3) individual
presentation, and (4) group task were to engage the students in the learning activities
concerning the five subskills of IDT. The assessment elements of the (5) plenary feedback, (6)
peer feedback, (7) individual feedback, and (8) self-reflection were to formatively assess
student performances. The present research investigated the following research question:
What do students perceive in the learning environment as contributing to the achievement of
the intended learning outcomes of IDT? The answer to this question would lead to refinement
of the actual design which can, in turn, be the input for new iterative cycles of design and
implementation to proceed with theory building and improving educational practices (Barab
& Squire, 2004; Edelson, 2002).

3.4

Method

3.4.1 Present design-based research
The present design-based research provided insights from three different angles: (a) the
adequacy of the implementation of the pedagogical approach of Biggs and Tang to the
teaching and learning of IDT, (b) the usefulness of the constructed actual design for teaching
and learning of IDT in the field of FQM, and (c) the particular aspects of the learning
environment that enable engineering students in learning IDT. The present research dealt with
the developmental stage of ‘what is happening in the interdisciplinary learning environment’
prior to the developmental stage of ‘is there a systematic effect between the instructional
design and the learning outcomes’ (Collins, Joseph, & Bielaczyc, 2004; Shavelson, Philips,
Towne, & Feuer, 2003). The developmental stage of what is happening requires formative
evaluations of gathering information on the actual practicality and actual effectiveness,
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instead of summative evaluations proving the systematic effectiveness of newly created
designs (Nieveen, 2007). Following the generic model for conducting design-based research
in education (McKenney & Reeves, 2012, p. 77), an interdisciplinary team of teachers and
researchers co-created the interdisciplinary learning environment in a systematic manner. The
formative evaluation was conducted by asking the students whether they considered that the
new learning environment had contributed to their achievement of the intended learning
outcomes.

3.4.2 Course context
The context of the redesigned course was a European university dealing with the delivery of
education in the domain of healthy food and living environment. This domain is rarely related
to a single discipline; often there are multiple disciplines involved. Therefore, the connections
between disciplinary knowledge of the natural sciences and social sciences, in both education
and research, are fostered. At this university the philosophy of outcome-based education has
been implemented and continuous improvement takes place. The redesigned course is part of
an interdisciplinary graduate program FQM consisting of three interrelated interdisciplinary
courses and different clusters of disciplinary courses. The redesigned course is the second
course in the row of these interdisciplinary courses.

3.4.3 Course redesign
The steps of the course redesign included alpha trials in academic year 2009–2010 and betatesting in academic year 2010–2011 (McKenney & Reeves, 2012). Each of these steps was
followed by an in-depth reflection phase including comparisons with other interdisciplinary
courses; the purpose of which was to enable a comprehensive understanding (Postholm &
Moen, 2011). A team of four researchers conducted the course redesign, its implementation
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and evaluation. The role of the first two authors was to take care of the development,
implementation, and evaluation of the course redesign. This was done in close collaboration
with the second two authors, other researchers, and teachers in the departments of food
sciences and educational sciences who all reflected upon the research and design activities.
The redesigned course took 12 weeks, in which the students were required to participate every
weekday (full-time) during the first four weeks and to spend a minimum of 20 hours of the
study week (part-time) during the remaining eight weeks (in total 12 European credits). At the
start of the course, students received instruction about the student-driven pedagogy in this
course and their accompanying responsibilities of the learning processes.

3.4.4 Course evaluation
The course evaluation included 20 statements and questions intended to ascertain the
perceived contribution of the total learning environment and its individual elements (see
Table 3.1) to the achievement of the intended learning outcomes. This design-focused
approach to evaluation questions the link between the educational design and the outcomes
(C. Smith, 2008). From Table 3.1, four statements were derived from the specific intended
learning outcomes (middle column), 12 questions were derived from the individual teaching
and learning elements (left column), and four questions were derived from the individual
assessment elements (right column). Responses to the four items covering the perceived
contribution of the total learning environment ranged on a scale from one (1 = strongly
disagree) to five (5 = fully agree). Responses to the 16 items covering the perceived
contribution of the individual teaching, learning, and assessing elements ranged from one (1 =
very low extent) to five (5 = very high extent). The evaluation form also included an open
question by means of which the student was invited to elaborate on the given response. At the
end of the course, the 30 students received an email asking them to complete the evaluation
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form and 26 students completed this form. The 26 students ranged in age from 23 to 41-yearsold; the majority of them (20 out of 26) had a background in food sciences. The group
comprised 18 women and eight men, and 12 nationalities.

3.4.5 Data analysis
A mixed methods data analysis (Johnson & Onwuegbuzie, 2004) determined the perceived
contribution of the actual design (Table 3.1) to the achievement of the learning outcomes of
IDT. The quantitative part of the mixed methods data analysis included the construct of
frequency distributions of the answers given to the 20 items. Having an ordinal measurement
level of items, the mode (most frequently given answer) is the adequate descriptive statistic to
show the central tendencies in the perceived contributions (Reid, 2014). The qualitative part
of the mixed methods analysis included comparing and contrasting of the answers given
(Boeije, 2010) to the open questions using MAXQDA 10. The comparing and contrasting
showed that similar responses were made by students on particular aspects of the learning
environment. A label to these particular aspects of the learning environment was given,
following the method of pattern coding (Saldaña, 2009). The grouping of the similar
responses was labelled when at least five students addressed that particular aspect in their
response.

3.5

Results and discussion

The quantitative results, presented in Tables 3.2 to 3.5, showed the contribution of the
constructively aligned learning environment to the achievement of the intended learning
outcomes as perceived by the students.
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In Table 3.2, for all inquiry items, with respect to the total learning environment, the most
common categories (mode) are categories 4 and 5.

Table 3.2

The perceived degrees of contribution of the total learning environment to the
achievement of the intended learning outcomes measured per specific intended
learning outcome (N = 26 students)

Total learning environment

The perceived degrees of contribution

Specific intended learning
1.Strongly
2.Partly
3.Neutral
outcomes:
disagree
disagree
Apply: The learning environment
0
1
1
enhanced my ability to <apply> the
T-M approach in situations
involving a FQM problem.
Construct: The learning
0
0
0
environment enhanced my ability
to <construct> a T-M research
instrument for use in situations
involving a FQM problem.
Identify: The learning environment
0
0
1
enhanced my ability to <identify>
technological and managerial
causes of situations involving a
FQM problem.
Create: The learning environment
0
0
3
enhanced my ability to <create> an
interdisciplinary argument for the
best solution in a situation
involving a FQM problem.
Note: The modes (most frequently given answer) are printed in bold.

4.Partly
agree
8

5.Fully
agree
16

13

13

13

12

13

10

In Table 3.3, for all inquiry items with respect to the teaching element, the most common
categories (mode) are categories 3 and 4. The perceived contribution was not consistent for
the three lecture types; the lecture type of skills lectures earned a lower rating. Accordingly, a
refinement to the actual design (see Table 3.1) is the better alignment of the skills lectures to
the achievement of the learning outcomes of IDT.
In Table 3.4, for all inquiry items with respect to the learning elements, the most
common category (mode) is category 4, with the exception of one instructional part of the
individual task which relates to the food problem description. The relatively lower score for
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this instructional part tallied with our expectations. Since the individual task was an illdefined problem task, the food problem description did not include all the necessary
information. This was deliberate because the lack of information is consistent with the daily
practice of complex problem solving that students will encounter in their future careers.

Table 3.3

The perceived degrees of contribution of the teaching element to the achievement of the
intended learning outcomes measured per type of lecture (N = 26 students)
The perceived degrees of contribution

Teaching element:

1.Very low
extent
0

2. Rather
low extent
1

3. Neutral

Lecture: To what extent did the
<content> lectures facilitate you in
achieving the intended learning
outcomes?
Lecture: To what extent did the
1
0
<skills> lectures facilitate you in
achieving the intended learning
outcomes?
Lecture: To what extent did the
1
0
<methodology> lectures facilitate
you in achieving the intended
learning outcomes?
Note: The modes (most frequently given answer) are printed in bold.

7

4. Rather
high extent
11

5. Very
high extent
7

11

8

6

6

12

7

The data presented in Table 3.4 on the student perception on the contribution was, however,
broad relative to Tables 3.2 and 3.3. This broad range in perceptions may be attributable to
several factors: the range of student prior social and educational experiences, the range of
student preferences for a particular type of pedagogical approach, the delivery of the course
by the teaching staff, or the extent of alignment between the intended learning outcomes and
those elements involved, or a combination of factors. Extension of the design-focused
evaluation with semi-structured questions related to these factors is recommended.
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Table 3.4

The perceived degrees of contribution of the learning elements to achievement of the
intended learning outcomes measured per part of the learning elements
(N = 26 students)
The perceived degrees of contribution

Learning elements:

1.Very low
extent
0

2. Rather
low extent
3

3. Neutral

Individual task: To what extent did
the <assignment introductions>
facilitate you in achieving the
intended learning outcomes?
Individual task: To what extent did
0
1
the <assignment descriptions>
facilitate you in achieving the
intended learning outcomes?
Individual task: To what extent did
1
6
the <food problem description>
facilitate you in achieving the
intended learning outcomes?
Individual task: To what extent did
0
0
the <assignments report writing>
facilitate you in achieving the
intended learning outcomes? *
Individual presentation: To what
0
4
extent did the <students’
presentations> facilitate you in
achieving the intended learning
outcomes?
Individual presentation: To what
1
0
extent did the <your own student
presentation> facilitate you in
achieving the intended learning
outcomes?
Group task: To what extent did the
1
4
<food problem group assignment>
facilitate you in achieving the
intended learning outcomes?
Group task: To what extent did the
2
3
<FQM topic group> facilitate you
in achieving the intended learning
outcomes?
Group task: To what extent did the
2
4
<interdisciplinary research learning
community> facilitate you in
achieving the intended learning
outcomes?
*one response is missing
Note: The modes (most frequently given answer) are printed in bold.

5

4. Rather
high extent
14

5. Very
high extent
4

3

17

5

8

8

3

1

14

10

5

10

7

4

14

7

4

13

4

5

11

5

6

11

3

In Table 3.5, for all inquiry items, with respect to the assessment elements the most common
categories (mode) are categories 3 and 5. Table 3.5 indicates that students perceived plenary
and individual feedback as being more valuable than peer feedback and self-reflection. This
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discrepancy in attributed value seems to be due to the fact that these engineering students
were more familiar with plenary and individual feedback than with peer feedback and selfreflection. It might even be the case that these engineering students were engaging in peer
feedback and self-reflection for the first time. Extra time was spent on introducing peer
feedback and self-reflection to the students and should be continued.

Table 3.5

The perceived degrees of contribution of the assessment elements to the
achievement of the intended learning outcomes measured per assessment element
(N = 26 students)
The perceived degrees of contribution

Assessment elements:

1.Very low
extent
1

2. Rather low
extent
2

Plenary: To what extent did
the <plenary feedback>
facilitate you in achieving
the intended learning
outcomes?
Peer: To what extent did the
1
3
<peer feedback> facilitate
you in achieving the
intended learning outcomes?
Individual: To what extent
0
0
did the <individual
feedback> facilitate you in
achieving the intended
learning outcomes?
Self: To what extent did the
3
5
<self-reflection> facilitate
you in achieving the
intended learning outcomes?
Note: The modes (most frequently given answer) are printed in bold.

3. Neutral
7

4. Rather
high extent
7

5. Very
high extent
9

13

9

0

3

6

17

11

5

2

With respect to the qualitative results, 25 of the 26 students perceived the new learning
environment as constructively contributing to the achievement of the intended learning
outcomes; one student perceived the new learning environment as still not being
interdisciplinary and argued what disciplinary knowledge integration actually is. Table 3.6
shows the identified key aspects of the learning environment to the achievement of the
intended learning outcomes of IDT.
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Table 3.6

The perceived contribution of key aspects of the total learning environment and its
individual elements, which was expressed by n students (N = 26 students)

Part of the learning
environment:

The perceived contribution of key aspects

n

Total learning environment

Learning within an interdisciplinary framework

12

Learning via a step-by-step roadmap

8

Receiving cognitive guidance

8

Receiving examples to familiarize oneself

5

Engaging in a range of disciplinary perspectives

10

Conducting disciplinary knowledge integration a number of times

12

Determining concrete improvements

9

Tackling difficult issues during learning activities

8

Teaching element

Learning elements

Assessment elements

The perceived contribution of the key aspect ‘learning within an interdisciplinary framework’
(Table 3.6) reflects the interdisciplinary levels model of Gouvea et al. (2013) which shows an
interdisciplinary framework between the disciplines physics and biology comparable to the
interdisciplinary framework in this research between the technological and managerial
disciplines. Additionally, the perceived contribution of key aspects related to the learning and
the assessment instructional elements (Table 3.6) mirrors the active learner-centred model of
Nardone and Lee (2011) that included particular learning activities for interdisciplinary
courses such as reflecting. The successfulness of reflecting in interdisciplinary learning has
also been addressed by Gilkey et al. (2006), Boix Mansilla and Duraising (2007), Woods
(2007), and Lyall and Meagher (2012). The successfulness of each of these key aspects needs
further investigation.
In retrospect, the development of the new learning environment facilitated in this
particular context a common understanding of how to teach IDT and how to critically
evaluate new interdisciplinary learning environments. From the development viewpoint, a
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major limitation was the considerable investment in time that was required to enable the team
members to adopt the interdisciplinary mode of thinking, coming as they did from various
disciplines. In contrast, from the research viewpoint, the major limitation was the lack of
empirical research into the contribution of constructively aligned course designs to the
learning of IDT, which forced us to adopt a fully structured approach in the innovation
process (Van Boekel, 2009) and the decision to strictly follow the principles of scientific
research in education (Shavelson et al., 2003).
Additionally, the design-focused evaluation proposed by Smith (2008), being used as a
formative evaluation in the educational design process, matched well with the research aims.
However, the need for elaboration with semi-structured questions and the validation of this
kind of evaluation is recognized, to allow investigations of a large number of educational
innovations and to validate the design-based research methodology (Joseph, 2004). Therefore,
an appropriate balance needs to be found between the internal validity of the evaluation, that
is, the ‘truth’ of the findings by means of methodological alignment between theory,
educational innovation, data gathering and interpretation (Hoadley, 2004) and the external
validity, that is, the ‘generalizability’ of the findings (Kelly, 2004). At this point, it is also
worth noting that the open manner of inquiry remains necessary in order to take account of
the confirmation bias inevitable in design-based research (Kelly, 2004; Stam, 2011).
The major recommendation for further research is the repetition of the outcome-based
pedagogical approach to other fields than FQM in order to ascertain whether it has indeed
potential in fostering the learning of IDT. The repetition is also recommended to determine
whether the Hawthorne effect, which is the effect of enhanced attention of the
interdisciplinary team received by the students, occurred (Brown, 1992). Additionally, the
repetition is recommended to validate the identified key aspects of the learning environment
which may lead to design frameworks (Edelson, 2002; Kelly, 2004) or design principles
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(Mulder & Kintu, 2013). Figure 3.1 presents the initial design framework on teaching and
learning IDT in HEE, based upon present empirical research. It is also recommended to take
the lessons of Goodman and Huckfeldt (2013) into account in extending empirical research
with larger groups of students in interdisciplinary HEE.

The design of the learning environment with potential key aspects of:
-

Learning within an interdisciplinary framework
Learning via a step-by-step roadmap

Consisting of:

Contributing to the achievement of:

The teaching elements with potential key aspects of:
-

Receiving cognitive guidance
Receiving examples to familiarize oneself

The learning elements with potential key aspects of:
-

The learning
outcomes of
interdisciplinary
thinking:
-

I. Apply
II. Construct
III. Identify
IV. Create

Engaging in a range of disciplinary perspectives
Conducting disciplinary knowledge integration a number of times

The assessment elements with potential key aspects of:
-

Determining concrete improvements
Tackling difficult issues during learning activities

Figure 3.1 The initial design framework with hypothesized relationships between potential key
aspects of the learning environment, of the individual elements of the learning
environment and the learning outcomes, based on Briggs (2007)

In conclusion, the implementation of the pedagogical approach of Biggs and Tang seems to be
adequate for the redesigned course to enhance the teaching and learning for IDT in the field of
FQM (Tables 3.2 – 3.5). The adequacy lies, in our opinion, in the student-centred approach to
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teaching and learning that likely leads to autonomous students. In turn, these relatively more
autonomous students are likely better equipped in reaching the necessary adequacy in the
disciplines themselves, in adequately synthesizing the disciplinary knowledge, and then in
revising the obtained disciplinary knowledge integration (Boix Mansilla & Duraising, 2007;
Nikitina, 2005; Repko, 2012). This better equipment is important because each engineering
student in interdisciplinary higher education develops unique scholarly identities and areas of
expertise (Graybill et al., 2006) which is required for working in industry (Martin, Maytham,
Case, & Fraser, 2005) and in research (Lach, 2014). The identified refinements of the actual
design (Table 3.1) are, for instance, better alignment of the skills lectures (Table 3.3) and
continuation of the in-depth instruction on peer and self-assessment (Table 3.5). The
particular eight aspects of the new learning environment (Table 3.6) that would help
engineering students in learning IDT need further validation in future research as
schematically represented in Figure 3.1. In sum, the teacher challenge of implementing the
outcome-based pedagogical approach to the FQM course seemed to be tackled via this
educational innovation. However, new challenges to optimize this innovation simultaneously
emerged.
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Characterization of short-term learning processes on interdisciplinary thinking in
higher education in engineering

Abstract
The importance of preparing engineering students to work in interdisciplinary teams
necessitates research into the teaching and learning of interdisciplinary thinking (IDT) in
higher education in engineering (HEE). To our knowledge, the characterization of short-term
IDT learning processes in HEE is lacking in current research. However, investigating student
learning processes affords scientific insight into students’ experience of their IDT learning.
Therefore, the present research characterized the short-term learning processes of engineering
students engaged in an interdisciplinary course on food quality management (FQM) using the
learning theory of Illeris. The results showed that the learning processes for the FQM course
in question can be divided into the content (194 out of 615 experiences), incentive (214 out of
615 experiences), and interaction (207 out of 615 experiences) dimensions. The results also
showed 24 key learning experiences featuring the IDT learning processes. Replication studies
to validate the results of present exploration are recommended.
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4.1

Introduction

The importance of preparing engineering students to work in interdisciplinary teams is often
emphasized (e.g., Adams, 2007; Haase, Chen, Sheppard, Kolmos, & Mejlgaard, 2013;
Mascarelli, 2013; Vale et al., 2012). Engineering students will work during their careers in
interdisciplinary teams on complex problems like sustainability and food safety. In such
teams, engineering students need to be able to integrate knowledge of different disciplines
(Bruce et al., 2004; Lattuca et al., 2013; Redish & Smith, 2008; Schaefer et al., 2012). This
disciplinary knowledge integration is necessary to advance understanding when analyzing and
solving complex problems (Newell, 2010a; Van Mil, Foegeding, Windhab, Perrot, & Van der
Linden, 2014). Disciplinary knowledge integration occurs in interdisciplinary teams through
the sharing of disciplinary knowledge and disciplinary skills. It is likely that disciplinary
knowledge integration in interdisciplinary teams increases when each engineer has prior
experience of working in such teams (Lyall & Meagher, 2012; Thompson, 2009). This is
because working across disciplines requires appreciation of different disciplinary viewpoints
and methods on the part of these engineers (e.g., Klein, 2008; O'Rourke et al., 2013).
Experience of working in interdisciplinary teams should therefore start as early as possible in
higher education in engineering (HEE), in order that disciplinary knowledge integration may
be fostered (e.g., Lattuca et al., 2013; Tong, 2010).
Disciplinary knowledge integration is the defining characteristic of interdisciplinarity
(Klein, 1990). As in multidisciplinarity, in interdisciplinarity the relevant knowledge elements
of each discipline are summarized. However, interdisciplinarity includes the extra step of
integrating the identified disciplinary knowledge elements to bring about an advance in
understanding. This is called interdisciplinary thinking (IDT) (Boix Mansilla & Duraising,
2007; Eisen et al., 2009). The ease with which disciplinary knowledge integration occurs
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depends on the conceptual distance between the disciplines. Likewise, the integration of
knowledge across sciences requires more cognitive strategies compared to the integration of
knowledge within a single science (Mingers & Brocklesby, 1997). Disciplinary knowledge
integration between natural sciences and social sciences is essential for engineering students
engaged in analysing and solving complex problems in socio-technical systems (e.g., Lund,
Coleman, Gunnarsson, Calvert Appleby, & Karkinen, 2006; Luning & Marcelis, 2006; Lyall
& Meagher, 2012). The learning of this so-called ‘broad IDT’ (Newell, 2007) in HEE requires
teaching strategies that foster these broad IDT learning processes (Spelt, Biemans, Luning,
Tobi, & Mulder, 2010). In particular, teaching strategies such as helping engineering students
to move beyond their disciplinary comfort zones and to tackle disciplinary conflicts, such as
conflicting use of concepts between disciplines (Repko, 2012), are required.
A range of publications on the teaching and learning of IDT exists in scientific literature
(e.g., Boni et al., 2009; Chanan et al., 2012; Gouvea et al., 2013; Hooker et al., 2014). These
publications focus either on organizational matters between faculties (e.g., Franks et al., 2007;
Liebert, 2013; Lok, 2008), or teachers’ experience of instructional designs (e.g., Goodman &
Huckfeldt, 2013; Linn et al., 2006; Pharo et al., 2012; Rhee et al., 2010), or students’
perceptions of interdisciplinary learning environments (e.g., Fortuin et al., 2013; Gero, 2013;
Mobley et al., 2014; Ng et al., 2011). However, fewer publications focus on IDT learning
processes (Boix Mansilla, 2010; Graybill et al., 2006; Haynes & Brown Leonard, 2010;
Holley, 2013; Ivanitskaya et al., 2002). Investigating these student learning processes affords
scientific insight into students’ experience of their IDT learning. In turn, this insight enables
greater alignment between teaching and learning of IDT in HEE.
Existing publications on IDT learning processes (Boix Mansilla, 2010; Graybill et al.,
2006; Haynes & Brown Leonard, 2010; Holley, 2013; Ivanitskaya et al., 2002; Lattuca et al.,
2004) recognize the challenges faced by students in acquiring the interdisciplinary research
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principles and in growing intellectually during IDT learning processes. This previous research
mainly investigated long-term learning processes (e.g., Ivanitskaya et al., 2002) such as
curricula, with a duration of at least one year, and to a lesser extent short-term learning
processes (Lattuca et al., 2004) such as courses, with a duration of at least one month. In view
of the few available research on short-term learning processes (Morrison, 2015), the learning
of students in interdisciplinary courses in HEE such as environmental sciences education
(Fortuin et al., 2013) is not yet well understood. However, it is known from teaching practice
that students, engaged in those courses, experience these short-term interdisciplinary learning
processes as valuable though hard (Eisen et al., 2009; Richter & Paretti, 2009; Spelt, Luning,
Van Boekel, & Mulder, 2015). A characterization of these short-term learning processes by
analysing the experience of students would provide scientific understanding on key
experiences from students’ point of view. In turn, the gain in scientific understanding on these
key experiences enables teachers of these interdisciplinary courses to tailor their teaching.
Furthermore, once these short-term learning processes can be measured via a standardized
method, effect studies between, for instance student characteristics and IDT learning can be
investigated (Spelt et al., 2009). Therefore, the present research aim was to analytically
characterize short-term learning processes to better understand student IDT learning. In order
to find out which theory would be suitable for such an analytical characterization that is
conducted for the first time (Haynes & Brown Leonard, 2010), the previous research on IDT
learning processes was used as starting point.
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4.2

State of the art on learning processes and outcomes in interdisciplinary thinking

This chapter describes the scientific understanding on IDT learning outcomes as found in
literature (chapter 4.2.1), the publications found on long-term learning processes (chapter
4.2.2), and the publications found on short-term learning processes (chapter 4.2.3).

4.2.1 Learning outcomes in interdisciplinary thinking: A complex cognitive skill
Previous research conceptualized IDT learning outcomes as the demonstration of a complex
cognitive skill (Van Merriënboer, 1997) that constitutes of five subskills (Spelt et al., 2009).
These five subskills are: (1) having knowledge of disciplines, (2) having knowledge of
disciplinary paradigms, (3) having knowledge of interdisciplinarity, (4) higher-order cognitive
skills such as integrating the disciplinary knowledge, and (5) communication skills. The first
three subskills relate to the acquisition of particular knowledge and the fourth and fifth
subskills relate to the acquisition of particular skills. Hence, the complex cognitive skill of
IDT includes the combination of particular knowledge and skills that students have to enact to
demonstrate IDT. For instance, students capable of IDT demonstrate, on the one hand,
disciplinary knowledge of relevant disciplines and, on the other hand, skills to integrate
disciplinary knowledge in a meaningful way. En route to becoming an interdisciplinary
thinker, the relationships of the acquisition between the five subskills and IDT learning
outcomes are still unknown.

4.2.2 Long-term (curriculum-related) learning processes on interdisciplinary thinking
Previous research on characterizing IDT learning processes focussed mainly on long-term
(curriculum-related) learning processes (Boix Mansilla, 2010; Graybill et al., 2006; Haynes &
Brown Leonard, 2010; Holley, 2013; Ivanitskaya et al., 2002). These characterizations feature
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different theoretical frameworks and research approaches. In particular, Ivanitskaya and
colleagues (2002) conceptualized stages of interdisciplinary learning based upon the Structure
of the Observed Learning Outcome (SOLO) taxonomy of Biggs & Collis (1982).
Additionally, Graybill and colleagues (2006) identified three stages of intellectual growth in
their graduate curricula based upon their own graduate experiences. Haynes and Brown
Leonard (2010) categorized student experiences using a cognitive-constructive developmental
lens, whereas Boix Mansilla (2010) proposed empirical investigation using a pragmatic
constructionist lens. Recently, Holley (2013) analysed doctoral student learning experiences
using the lenses of doctoral student socialisation and identity development. The
aforementioned research does not include the learning of IDT learning outcomes nor the
recommended constructively aligned instructional designs (e.g., Lattuca et al., 2013; Stefani,
2009). The influences of constructively aligned instructional designs on IDT learning
processes are therefore still unknown.

4.2.3 Short-term (course-related) learning processes on interdisciplinary thinking
Previous research on short-term (course-related) IDT learning processes showed that shortterm interdisciplinary learning processes are likely to have various kinds of learning outcomes
(Lattuca et al., 2004). The initial exploration of Lattuca et al. (2004) did not specifically
address the learning processes of IDT learning outcomes as described in chapter 4.2.1 and did
not address the student’s point of view. The experiences of students engaged in short-term
learning processes of IDT are therefore still unknown.
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4.3

Theoretical framework of present research

Since previous research on IDT learning processes did not suggest any theory suitable for the
present analytical characterization, the full range of literature in educational sciences was
explored. As a result of this exploration, the learning theory of Illeris (2002, 2007) was
chosen to be the theoretical framework of the present research for its integrative viewpoint to
learning. This is because working in interdisciplinary teams mirrors the three interrelated
learning dimensions of this theory. More specifically, working in interdisciplinary teams
requires disciplinary knowledge acquisition (content dimension), the exchange of emotions
(incentive dimension), and the exchange of experience of moving across disciplines
(interaction dimension). The nature of interdisciplinary vocational practice, such as complex
problem solving in interdisciplinary teams, requires engineers to develop themselves in these
three dimensions.
The learning theory of Illeris (2002, 2007) conceptualizes learning as three interrelated
dimensions: content, incentive, and interaction. The content dimension refers to the content to
be learnt; it involves the cognitive part of the learning process of acquiring disciplinary
knowledge. The incentive dimension refers to the mobilization of energy; it involves the
emotional part of the learning process of motivating oneself to acquire knowledge across
disciplines. The dimension of interaction refers to the interactions with the environment; it
involves the social part of the learning process of acquiring knowledge about
interdisciplinarity in collaboration with peers. In contrast to the theories of Piaget, Vygotsky,
and Dewey, which considers the cognitive, emotional, and social processes separately, the
learning theory of Illeris takes an integrated view of learning.
The integrated view inherent in Illeris’s learning theory (2002, 2007) can likely be used
to characterize short-term IDT learning processes in HEE, because IDT learning requires
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cognitive strategies (content dimension), emotional appraisals (incentive dimension), and
social interactions (interaction dimension). It might be that particular interplays between the
content, incentive, and interaction dimensions influence the IDT learning processes of
students. Once these interplays are understood, teachers can adjust their strategies, thereby
enhancing IDT learning in HEE. To our knowledge, the scientific literature does not, as yet,
provide any empirical evidence of the characterization of short-term IDT learning processes
in HEE using the theory of Illeris. Therefore, the following research questions were
investigated:
1.

To what extent can short-term IDT learning processes in HEE be characterized in terms
of the content, incentive, and interaction dimensions?

2.

Which key learning experiences feature IDT learning by students in HEE?

These questions were explored for learning processes with respect to the interdisciplinary
field of food quality management (FQM).

4.4

Method

4.4.1 Research context: The course characteristics
The FQM course requires students to apply the ‘Techno-Managerial approach’ (T-M
approach) (Luning & Marcelis, 2009a). The T-M approach integrates disciplinary
knowledge from technological disciplines such as food microbiology and management
disciplines such as psychology (Luning & Marcelis, 2006, 2009b), and is a particular
type of broad IDT in which knowledge from disciplines in natural sciences and social
sciences is integrated. The intended learning outcome on IDT was: ‘At the end of this
FQM course, the student will be able to apply IDT to FQM problems by using the T-M
approach in the four phases of the interdisciplinary research methodology’. The four
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phases are (Luning & Marcelis, 2009b): (1) the appreciation phase, in which the
complex problem is appreciated from an interdisciplinary techno-managerial
perspective, (2) the analysis phase to analyse the problem situation in more depth using
the chosen techno-managerial disciplines, (3) the assessment phase to assess the
problem situation in order to identify potential causes of the complex problem, and (4)
the evaluation phase to evaluate the solutions determined. The course task considered
an ill-defined FQM problem in a simulated food company and the students were
instructed to solve this problem via the conduct of these four phases. The problemcentring way of teaching was identified by Nikitina (2006) as one of the pedagogies for
interdisciplinary learning. The course task was an individual student task to make sure
that each student was engaged in the disciplinary knowledge integration. However,
students also worked in groups, which were called ‘learning communities’, to share
their experience on interdisciplinary research and to provide feedback on each other’s
research work. Two teachers, one teacher (second author) of the natural sciences, and
one teacher of the social sciences (not in author team) provided pedagogical support to
the students on the conduct of the problem-solving task and the achievement of the
interdisciplinary learning goals.
Prior to the present research of characterizing the learning processes, the course
was redesigned using the constructive alignment theory of Biggs and Tang (2007,
2011) and heeding multiple recommendations (e.g., Borrego & Cutler, 2010;
Gharaibeh et al., 2013). This redesign was expected to be beneficial to the present
research; it enables a characterization of learning processes in a systematically
designed and consistent learning environment. In addition, the learning environment
was student-driven and aiming to help students in achieving the IDT learning
outcomes. For example, the self-assessment was designed to let students reflect
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themselves on their IDT learning in the context of their future profession as food
quality managers. The pedagogical support by the teachers specific fostering the IDT
learning was providing examples of possible disciplinary knowledge connections,
explaining the interdisciplinary research principles, and giving feedback on student
decisions and actions. The interdisciplinary course on FQM is provided at a European
university of Life Sciences. The FQM course is part of an interdisciplinary master’s
curriculum on FQM which is also provided by this university.

4.4.2 Data collection
The data collection of learning experiences took place via reflective learning journals. The
reflective journals were used to gain insights into student learning processes and were
simultaneously used as a supportive tool to encourage students to adopt a critical attitude
(e.g., Brookfield, 1995; Langer, 2002; Nardone & Lee, 2011; Woods, 2007). This
encouragement is necessary to awaken student awareness of the particular relevancy of
disciplinary knowledge in interdisciplinary research (Boix Mansilla & Duraising, 2007;
Repko, 2012). Students were engaged in writing these reflective journals via their individual
problem-solving task. This problem-solving task included eight assignments and five of these
eight assignments asked for a separate reflection activity on the achievement of the IDT
learning outcomes.
Students were two times plenary instructed on the writing of these learning journals.
They received instruction on the journaling activity itself and on its purpose to enhance
interdisciplinary learning. The report of the journal was pre-structured into the report of two
positive and two negative experiences. The two positive and two negative experiences were
recorded in the journals in order to ensure that the analytical characterization would be based
on a full range of experiences, regardless of the value students assigned to their experience. It
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was expected that a set of positive and negative experiences would increase the validity of the
analytical characterization. Students were free to choose themselves on which learning
experience they that would like to report on and to assign it as either positive or negative. The
data were digitally collected five times among 30 students; in total 615 experiences were
collected and each reported learning experience counted for one unit of analysis. The course
took twelve weeks and the data collection was spread almost equally over these weeks. The
population of 30 students ranged in age from 23 to 41-years-old, where 22 students were
women and eight were men, and 13 nationalities were represented. All 615 experiences
collected were processed anonymously.

4.4.3 Data analysis
Two types of data analysis were performed: protocol coding and pattern coding. The protocol
coding involved categorizing the data using pre-determined codes (Miles, Huberman, &
Saldaña, 2013). The first author coded all 615 experiences by using the learning dimensions
as a code. In particular, the code content referred to cognitive issues such as ‘I learnt to
integrate the different disciplinary knowledge’. The code incentive referred to emotional
issues such as ‘it was so difficult to integrate the different disciplinary knowledge’.
Additionally, the code interaction referred to interaction issues such as ‘the feedback from my
peer students improved the disciplinary knowledge connections made’. The protocol coding
was done on each occasion of data collection (t1 – t5) using the qualitative data analysis
software program MAXQDA 11 and resulted in frequency distributions (Reid, 2014).
The protocol coding was carried out twice to validate the coding procedure. The
percentage of agreement was 87% for t1, 85% for t2, 89% for t3, 88% for t4, and 82% for t5. A
rule of thumb is that the percentage of agreement should be between 85 and 90% depending
on the size and range of the coding scheme and the items to be coded (Miles et al., 2013). The

69

Chapter 4

learning experiences that were coded differently were read again to reach agreement on the
best fit between learning experience and code. This re-reading resulted in 16 changes to the
content code, 31 changes to the incentive code, and 15 changes in the interaction code.
The second part of the data analysis involved pattern coding to identify patterns across
the reported experience. Pattern coding is a second-cycle coding method in which meaningful
blocks of data are clustered together into a smaller number of themes (Saldaña, 2009). The
data on learning dimensions for each data collection occasion were clustered into data subsets on major themes. The identified themes were labelled, at a higher level of aggregation,
namely as key experiences of IDT learning. Only those experiences that reflected a pattern
were clustered and labeled.

4.5

Results and discussion

This chapter describes the first impression on the collected data of experiences during IDT
learning in chapter 4.5.1. In chapters 4.5.2 and 4.5.3, the results on the analytical
characterization for research question 1 and, respectively, research question 2 are described.

4.5.1 First impressions
The reading of learning journals revealed variation in how a single experience was valued by
students. The following example shows how two students valued the same learning
experience of ‘the identification of consequences for potential solutions to the FQM problem’.
The report designated as positive by the student was: “After some initial doubts, I was finally
able to justify my strategy taking into account the managerial consequences of my strategy
and the technological consequences of my managerial considerations. I could also find some
more considerations that came up while regarding [with respect to] the strategy as a whole
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and not only with [for] the separate sub-solutions, so I consider that I had covered all the
possible implications”. The report designated as negative by the student was: “Finding
technological consequences for [of] managerial solutions and vice versa was a challenge.
For example, finding the technological consequences for [of] putting in place [a] training
system based on [...] best practices”. A possible explanation of this difference in value
accorded to the same kind of learning experience might be that the second student perceived
the experience of integrating disciplines as frustrating rather than recognizing it as the hard
and fruitful work inherent in interdisciplinarity. According to Rives-East and Lima (2013),
this value difference can also happen in interdisciplinary learning situations in which students
start by negatively valuing learning situations as a result of their resistance and fear to learn
new habits instead of positively valuing learning situations as a result of their efforts to step
outside their disciplinary comfort zones. The effort made to step outside the disciplinary
comfort zone consists of recognizing connections between disciplines and confronting
complex problems that have ‘no right answer’. These efforts require a relatively high
tolerance of ambiguity by engineering students as compared to learning situations in which
students can ‘stay’ in their disciplines.
The learning journals also showed that students reported on activities that are necessary
to achieve the IDT intended learning outcomes in FQM. For example, one student reported:
“I still have difficulties in noticing whether the factors are managerial or technological ones.
In my view, these two areas are often blurred, and the distinction are [is] unclear to me
because they influence each other”. This learning experience illustrates student’s attempt to
identify mutual dependencies of technological and managerial factors. In addition, one student
reported: “The research concerning the [food] quality behaviour where I have [to] figure out
the importance of people [behaviour] have [has] an influence on the quality of the end
product. More precisely, I have been fascinated by the different background people have (for
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instance, culture, attitude, motivation, and expectancy) and how they represent a dynamic
factor to [be] take[n] into account besides the food dynamic [behaviour]”. This learning
experience illustrates the student’s awareness of the influence of human characteristics
(managerial perspective) in addition to food characteristics (technological perspective) on the
final quality of food products. Both report examples show students engaged in IDT learning.
Similar to the findings of Haynes and Brown Leonard (2010), and Wright (2005), changes in
how students formulated their experiences indicated that they were changing their thinking
during the IDT learning processes. In this respect, the observed change in thinking evolved
from technology-oriented to include managerial-oriented, and vice versa. Moreover, it
evolved from a disciplinary perspective to multidisciplinary perspectives and, eventually, to
realizing how to integrate knowledge of technological and managerial disciplines.
The learning journals also showed that students reported on the four phases of the
interdisciplinary research process in FQM (see chapter 4.4.1). In the first FQM phase,
students appreciated the opportunity to apply knowledge of previous disciplinary courses to a
real-world situation and to start searching for disciplinary knowledge within the technological
and managerial disciplines in order to demarcate the FQM problem. Students also attempted
in the first FQM phase to clarify what was actually expected and they realized that their peers
were facing similar struggles in conducting interdisciplinary research. In the second and third
FQM phases, students expressed the challenges they faced in connecting the technological
and managerial factors into a conceptual model representing the FQM problem. They also
expressed their relief at their advance in understanding of the impact of decision-making in
the previous research steps on the next steps. In the fourth FQM phase, students emphasized
their advancement in understanding of how to conduct interdisciplinary research and figure
out the best solution to the FQM problem in a systematic way.
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4.5.2 Analytical characterization (research question 1)
The analytical characterization of the short-term IDT learning processes indicated the
interplay of content, incentive, and interaction dimensions. For instance, students reported on
their differing levels of prior knowledge of technological and managerial disciplines (content)
and on their frustrations at the disciplinary differences they encountered in how to identify
factors influencing the complex problem under study (incentive), which prompted numerous
discussions with peers and teachers to find ways to connect these disciplines (interaction).
Table 4.1 provides illustrations of reported experiences per code. The first illustration for the
content code shows a gain in understanding, while the second illustration for the incentive
code shows drivers for motivation, and the third illustration for the interaction code shows the
social interaction between teacher and student.

Table 4.1

Illustrations of reported learning experience per code

Code

Illustrations of reported learning experience

Content

“By searching for models, describing the essence and usefulness, I gained a deeper
understanding of the linkage of T[echnological and M[anagerial] factors in models,
they are not independent”

Incentive

“In these two first assignments knowledge from the past and experiences I had,
emerged to the surface. The fact that you deal with a possible real problem in a
company intrigues me and motivates [me] to deepen my knowledge in scientific areas
that I wasn’t familiar with”

Interaction

“Trying to overcome the language barrier that has become very evident between me
and my teacher during teacher feedback session”

The protocol coding of the 615 experiences resulted in 194 experiences being coded as
content, 214 experiences being coded as incentive, and 207 experiences being coded as
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interaction. The content, incentive, and interaction dimensions were equally addressed by the
students during their learning processes, considering an analysis error rate of about 20% (see
chapter 4.4.3). Figure 4.1 presents the frequency distribution of reported experiences by
students per code and per occasion of data collection. Considering an analysis error rate of
about 20%, there are no obvious differences in the variations between the reported

Number of reported learning experiences

experiences per learning dimension over time.
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Figure 4.1 The frequency distribution of student report per code (content, incentive, and
interaction) and occasion of data collection (t1 – t5)

Table 4.2 presents the number of experiences for each code over time categorized as positive
and negative experiences. Remarkably, the results showed that relatively more positive
experiences were coded to the content dimension (159 of 194) than to the incentive dimension
(71 of 214) and to the interaction dimension (78 of 207). Apparently, students appreciated the
cognitive part more than the emotional and social parts of the learning processes. A possible
explanation for this might be the emotion transition observed by D’ Mello and Graesser
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(2012) that confusion in learning can be transformed either into engagements/flows or into
frustrations leading to boredom. In IDT learning, the necessary disciplinary boundarycrossing often gives rise to confusion. Since disciplines have different jargon, methods,
epistemological viewpoints and so forth, students get often confused once they start crossing
disciplinary boundaries and start asking themselves ‘what is a discipline?’, ‘what is seeking
the truth in science?’, and ‘how do I perceive the disciplinary differences?’ As Perry jr. (1999)
described in general and as Lattuca et al. (2004) described for interdisciplinary higher
education, these kinds of questions are evidence that students are growing intellectually, from
the phase ‘dualism’ (i.e., students are able to make distinctions in ‘right’ or ‘wrong’), via the
phase ‘relativism’ (i.e., students are able to judge multiple perspectives) to the phase
‘commitment’ (i.e., students are able to commit to personal perspectives).

Table 4.2

Number of learning experiences per code, value, and occasion of data collection
(t1 – t5)
Occasion of data collection

Code

Value

t1

t2

t3

t4

t5

Total

Positive

32

34

36

36

21

159

Negative

5

4

6

12

8

35

Positive

15

11

12

13

20

71

Negative

33

22

36

31

21

143

Positive

20

15

15

11

17

78

Negative

30

34

20

18

27

129

Content

Incentive

Interaction

However, this confusion is apparently perceived by students as negative and may lead to
frustrations and finally to boredom. In contrast to this, from the teacher’s point of view,
confusion can be seen as valuable to student intellectual growth, especially when it develops
into higher interdisciplinary engagements and ongoing learning flows. Hence, teaching
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strategies should focus not only on cognitive interventions, but also on incentive and social
interventions in order that the student’s confusion (D' Mello, Lehman, Pekrun, & Graesser,
2014) may be steered in a such a way that IDT learning is fostered. In turn, an increase in
teaching focus on these interventions gives meaning to the confusion in students’ minds and
leads to smooth IDT learning processes.

4.5.3 Key experiences (research question 2)
Table 4.3 shows the key experiences in IDT learning identified for the four FQM research
phases (see chapter 4.4.1). The identified key experiences for the three dimensions indicate
multiple interrelationships. To illustrate, the identified key experiences on the content
dimension indicate that learning process characteristics such as combining different
disciplinary knowledge into a visual presentation showing the relationships, and recognizing
the ambiguity of interdisciplinary research are present during IDT learning. In line with these
process characteristics, the identified key experiences on the incentive dimensions indicate
learning process characteristics that reflect the ambiguity of finding and selecting the relevant
disciplinary knowledge, and the linking of disciplinary knowledge in meaningful connections
to advance the understanding towards a solution. Additionally, the interaction dimension
indicate the process characteristics of interacting with the other disciplinary viewpoints and
dealing with the time constraints, which are also inherent to interdisciplinary research (Sharp,
2015). Obviously, some key experiences reflect previously reported challenges in conducting
interdisciplinary research (Golde & Alix Gallagher, 1999; Lach, 2014). For example, working
across disciplines involves undertaking research in the absence of established frameworks,
which results in the challenge to develop new analytical frameworks (see Table 4.3, incentive
dimension, FQM phase 1).
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Table 4.3
FQM

Overview of key learning experiences per FQM research phase and learning dimension
Key learning experiences per learning dimension

research
phase
Content learning dimension
1

Understanding how to apply theoretical models or concepts to real-world situations
Becoming aware of disciplinary contributions to the analysis of complex problems

2

Developing searching skills for acquiring disciplinary knowledge
Designing conceptual models representing disciplinary interrelationships

3

Realizing the essence of all interdisciplinary research steps to be taken
Recognizing changes due to advanced insights into the interdisciplinary research

4

Recognizing that answers can be based upon various uses of disciplinary knowledge
Understanding the logic of interdisciplinary research and the pitfalls involved
Incentive learning dimension

1

Frustrations in selecting and matching disciplinary knowledge to complex problems
Feeling ambiguous about not having a clear view on how to frame complex problems

2

Irritation at the lack of the disciplinary knowledge to analyse complex problems
Struggling to put different knowledge elements together in a meaningful way

3

Facing challenges in getting the exact information to diagnose complex problems
Feeling relieved at what has been achieved compared to the intensive efforts

4

Mixed feelings about the integration of disciplinary solutions into one solution
Feeling happy about the systematic manner and consistency in finding solutions
Interaction learning dimension

1

Dealing with scheduled time for searching literature for various disciplines
Socially engaging with peers to recognize similarities in perceptions and experiences

2

Dealing with lack of time in doing interdisciplinary research
Socially engaging with teachers to receive feedback on being on the ‘right’ track or not

3

Dealing with the time needed to understand different viewpoints held by others
Socially engaging with others to share the taken approach, arguments, and decisions

4

Interacting with literature to reach balanced disciplinary overviews
Spending time on reviewing and finding arguments to construct a solid argument
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4.6

Conclusions and further research

The present research concludes that short-term IDT learning processes for the FQM course in
question can be divided into the content (194 out of 615 experiences), incentive (214 out of
615 experiences), and interaction (207 out of 615 experiences) dimensions (research question
1). The present research concludes that the content, incentive, and interaction dimensions
were equally addressed by the students during their learning processes. Additionally, the
present research concludes that for the FQM course the cognitive part of the learning
processes (content dimension) is more highly appreciated, relatively speaking, by the students
than the emotional (incentive dimension) and social (interaction dimension) parts of the
learning processes. Furthermore, the present research concludes that there are 24 key learning
experiences featuring the IDT learning processes of students engaged in the FQM course
(research question 2). Lastly, the research concludes that the present use of the journaling
research method seems to be suitable for its purpose of analytically characterizing learning
processes aiming at the achievement of specific learning outcomes.
Further research is recommended to validate the results gained; replication studies are
necessary in a wider context, which would lead to multiple researchers characterizing shortterm IDT learning processes. Replication studies involving new cohorts of students on FQM
courses or with other interdisciplinary courses are recommended in order to evaluate the
representativeness of the results gained. Another research recommendation is that
relationships between the analytical characterizations of IDT learning processes and the
analytical characterizations of IDT learning outcomes be investigated. It is also recommended
that research be extended on the relationships between IDT learning processes and
instructional constructively aligned designs (e.g., Fiegel, 2013), and IDT learning processes
and personality characteristics (e.g., Gardner, 2008; Morse, Nielsen-Pincus, Force, &
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Wulfhorst, 2007; Repko, 2012), and IDT learning processes and solving complex problems
(e.g., Hmelo-Silver & Azevedo, 2006). Lastly, the learning dimensions of Illeris’s theory
provided an univocal coding frame. The variations in coding (see chapter 4.4.3) are likely due
to the existing dualism in coding (Schreier, 2012). This dualism relates to whether coding is
based on the manifest or literal meaning (meaning that is obvious at first sight) or the latent
meaning (meaning that is not immediately obvious). This dualism should also be further
investigated.

4.7

Implications

The present exploration suggests the importance of tailoring the teaching to the three learning
dimensions in order to enhance IDT learning. Generally speaking, teachers in HEE tend to
focus more on the cognitive part of the learning processes rather than on the emotional and
social parts of the learning processes. Table 4.4 presents a set of teaching strategies per
learning dimension in accordance with the key experiences identified (Table 4.3). It is
expected that these teaching strategies, as shown in Table 4.4, will help teachers to equally
address the cognitive, emotional, and social parts of the IDT learning processes, so that the
learning of students is enhanced.
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Table 4.4
FQM
research
phase

Overview of teaching strategies per FQM research phase and learning dimension
Teaching strategies per learning dimension

Content learning dimension
1

2

3

4

1

2

3

4

1

2

3

4

Facilitating students’ linking of theory or disciplinary knowledge to practice
Facilitating students’ expansion of the disciplinary lenses to gain a wider perspective on
complex problems
Facilitating students in gaining awareness of the various strategies to use in searching
disciplinary knowledge
Facilitating students in structuring and adequately conceptualizing all the disciplines used
Facilitating students in switching between the perspective of the research as a whole and the
perspective of each research step
Facilitating student awareness that interdisciplinary research changes due to disciplinary
contributions
Facilitating students in creating multiple answers by integrating disciplinary knowledge in
various ways
Facilitating students in becoming aware of interdisciplinary research opportunities and
limitations
Incentive learning dimension
Facilitating students in recognizing opportunities for using disciplinary knowledge in
interdisciplinary research
Facilitating students in finding scientific and practical arguments to frame complex problems
Facilitating students in being creative in bridging the knowledge gap and explaining what has
been done
Facilitating students in listing items of disciplinary knowledge and then identifying
relationships between these items
Facilitating students to deal with the uncertainty involved in data gathering across disciplines
or departments
Facilitating student awareness of the usefulness of each step or challenge in interdisciplinary
research
Facilitating student recognition of the dynamics of real-world situations and causal loops
Facilitating students’ emotional releases by reflecting upon the ‘bumpy’ but worthwhile
journeys undertaken
Interaction learning dimension
Facilitating students in managing the scope and purpose of literature searches in order to steer
the search activities
Facilitating students in being open to learning from peer perceptions and experiences
Facilitating students in adopting a helicopter view of the interdisciplinary research and the
disciplinary contributions
Facilitating student discussion of whether the ‘right track’ exists or that ‘it all depends’
Facilitating students’ ability to switch easily between the various viewpoints of others in
order to check their own viewpoint
Facilitating students in being able to justify decisions made and to compare the issues and
arguments raised
Facilitating students in zooming in and out of disciplinary focus at different levels of
abstraction
Facilitating students’ ability to revise a viewpoint using logic and facts as a basis for
reasoning
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Learning challenges, student strategies, and the outcomes of education in
interdisciplinary thinking

Abstract
The teaching of interdisciplinary thinking (IDT) in higher education in engineering (HEE) is
necessary to prepare students for working in interdisciplinary teams. While research on IDT
teaching is steadily increasing, research on IDT learning is lagging behind. Therefore, the
present research examined IDT learning processes with respect to the challenges, strategies,
and outcomes involved, using two theoretical perspectives. The research context was an
interdisciplinary graduate course on food quality management (FQM) in which students had
to solve an authentic complex problem. A constructively aligned course design was
implemented and reflection journals were developed to enable students to reflect upon their
challenges, strategies, and outcomes during IDT learning. The results showed that students
tend to report more on the content-related and interaction-related challenges than on the
incentive-related challenges. Students also tend to report more on the disciplinary knowledge
connections technological conditions–human dynamics and technological conditions–
administrative conditions than on the food dynamics–human dynamics and food dynamics–
administrative conditions disciplinary knowledge connections in FQM. Replication studies to
validate these empirical results across HEE are recommended. The present research suggests
the importance of the provision of pedagogical support in coping with challenges and with
making disciplinary knowledge connections during IDT learning.

This chapter has been submitted for publication as:
Spelt, E. J. H., Luning, P. A., Van Boekel, M. A. J. S., & Mulder, M. (under review for publication).
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5.1

Introduction

The learning of interdisciplinary thinking (IDT) is necessary to prepare students in higher
education in engineering (HEE) for their job requirements (Adams, 2007; Andrade et al.,
2014; Chanan et al., 2012; Haase et al., 2013; Mascarelli, 2013; McGregor, O'Shea, Brewer,
Abuodha, & Pharo, 2014; Redish & Smith, 2008; Schaefer et al., 2012; Vale et al., 2012),
which are: complex problem-framing (Eisen et al., 2009; Pharo & Bridle, 2012), complex
problem-solving (Fortuin et al., 2013), innovating new products and processes (CantillonMurphy, McSweeney, Burgoyne, O'Tuathaigh, & O'Flynn, 2015; Linnemann et al., 2011),
and analysing phenomena (Repko, Newell, & Szostak, 2012). These requirements necessitate
that engineers have skills in working in interdisciplinary teams and across disciplinary
departments, and that engineers have skills in integrating disciplinary knowledge (Schmidt et
al., 2012; Sharp, 2015). In other words, engineers need to be practitioners of IDT (Augsburg
et al., 2013; Eisen et al., 2009; Lattuca et al., 2013). However, this practice is experienced as
being challenging. The challenges include language barriers, epistemic differences, a lack of
mutual respect, and a lack of willingness to learn from each other (Bossio, Loch, Schier, &
Mazzolini, 2014; Davidson, 2015; Golde & Alix Gallagher, 1999; Lach, 2014; Morse et al.,
2007; Nikitina, 2005; Nuijten, 2011; O'Rourke et al., 2013; Sill, 2001; Thompson, 2009;
Turner, Benessaiah, Warren, & Iwaniec, 2015). Smooth interdisciplinary teamwork is fostered
once engineers are capable of coping with these challenges (Bruce et al., 2004; Lyall &
Meagher, 2012; Öberg, 2009). Learning how to cope with these challenges should therefore
start early in HEE (Fortuin et al., 2013; Lund et al., 2006; MacKinnon et al., 2013; Tong,
2010).
However, student learning of IDT in HEE is yet not well understood due to limited
empirical research (Lattuca et al., 2004). IDT has been defined as the ability to integrate
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knowledge of more than one discipline to produce a cognitive advancement that would have
been impossible within a single discipline (Boix Mansilla et al., 2000). IDT learning
outcomes are demonstrations of this integrative ability; they involve the demonstration of a
complex cognitive skill (Van Merriënboer, 1997) constituting five subskills, namely: (1)
knowledge of disciplines, (2) knowledge of disciplinary paradigms, (3) knowledge of
interdisciplinarity, (4) higher-order cognitive skills, and (5) communication skills (Spelt et al.,
2009). This means that students in HEE need to acquire particular kinds of knowledge and
skills before they are able to practise IDT. The conceptual distance between the disciplinary
knowledge determines the ease with which IDT is practised. Narrow IDT is the name given
when the conceptual distance is relatively small and broad IDT when the conceptual distance
is relatively great (Newell, 2007). Students in HEE need to learn broad IDT, specifically the
ability to integrate disciplinary knowledge of natural and social sciences (Lund et al., 2006;
Lyall & Meagher, 2012; Mobley et al., 2014; Schmidt et al., 2012; Spelt et al., 2010). This
need necessitates the scientific understanding of student learning on broad IDT in HEE.
The distinction between the learning outcomes on multidisciplinary thinking and IDT is
the integration of disciplinary knowledge (Klein, 2010). With multidisciplinary thinking, the
disciplinary knowledge is summarized, and may be supplemented with an overview of
similarities and differences in disciplinary knowledge, however, no integration of knowledge
takes place, let alone advances understanding. The difference between multidisciplinary
thinking and IDT is reflected in student learning outcomes in HEE. Student learning outcomes
on multidisciplinary thinking (e.g., a report or a presentation) shows the knowledge of the
disciplines one by one, without any attempt to link, to connect, and to integrate the knowledge
(Klein, 2005). More specifically, the multidisciplinary thinking outcome involves the analysis
element of cognitive endeavour, while the IDT outcome involves the analysis and the
synthesis elements of cognitive endeavour. The synthesis element is concerned with (a)
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demonstrating the linkages between the disciplinary knowledge, (b) explaining the
disciplinary knowledge connections, and (c) describing the advancements in understanding.
Students in HEE require the opportunity to practise the analysis and synthesis cognitive
endeavours during their learning to achieve the IDT learning outcomes.
The integration or synthesis cognitive endeavour is seen as the defining characteristic of
interdisciplinary outcomes (Klein, 1990). The integration or synthesis of the disciplinary
knowledge should provide a more holistic understanding or an enriched view of the particular
phenomenon or the complex problem under study (Richards, 1996). Creativity is necessary to
re-order the disciplinary information that was gained in the analytical cognitive endeavour.
However, as a rule, students are taught to accept the order of disciplinary knowledge as it is
given (Sill, 2001). In re-ordering the disciplinary information, epistemic or language conflicts
may occur (Repko, 2012; Turner et al., 2015). The emergence of hybrid understanding
manifests itself in the forging of new disciplinary knowledge connections. According to
Defila and Di Giulio (2015), disciplinary knowledge connections can be made in various
arrangements. For example, in a group of eight disciplinary knowledge elements, the options
include connecting pairs of elements and connecting one element with each of the seven
others. The best arrangement to apply in connecting the disciplinary knowledge depends on
the purpose of the knowledge integration. In this respect, it is not a matter of ‘the more
disciplinary knowledge connections, the better’, rather, it is a matter of the sufficiency of the
gained advancement in understanding and the characteristics of the disciplinary knowledge
connections made. The sufficiency and characteristics are constantly improved by revising
and questioning the provisional integration made (Nikitina, 2005). Empirical research on
making disciplinary knowledge connections by students in HEE has not yet started. Similarly,
the phenomenon of disciplinary knowledge integration is also poorly researched (Defila &
DiGiulio, 2015; Nikitina, 2005).
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To date, research on IDT learning in higher education has focused mainly on long-term
(curriculum-related) learning processes (Graybill et al., 2006; Haynes & Brown Leonard,
2010; Holley, 2013; Ivanitskaya et al., 2002). Little research is available on short-term
(course-related) learning processes (e.g., Lattuca et al., 2004). For instance, Haynes and
Brown Leonard (2010) characterized the long-term learning processes of an undergraduate
curriculum using a cognitive-constructivist lens. In addition, previous research on IDT
learning (e.g., Boix Mansilla, 2010; Bradbeer, 1999; Holley, 2013) has shown that students
face challenges in crossing disciplinary boundaries. One challenge is to understand different
disciplinary jargons (Woods, 2007). Another challenge is to understand the various
relationships between factors affecting complex problems (Boix Mansilla, 2010). The making
of disciplinary knowledge connections themselves is also experienced as challenging (Holley,
2013). The present research aim was to analyse these learning challenges, the student
strategies, and the outcomes involved in short-term IDT learning in HEE. A greater
understanding of the challenges, strategies, and outcomes would enable teachers in HEE to
tailor their pedagogical support to enhance the learning (Haynes & Brown Leonard, 2010;
Hmelo-Silver & Azevedo, 2006; Jacobson & Wilensky, 2006). The subject of the analysis
was an interdisciplinary graduate course on food quality management (FQM). The FQM
course teaches broad IDT outcomes involving the integration of the food technology and
management-related disciplines (see chapter 5.2.2) for the purpose of solving food quality
problems (Luning & Marcelis, 2006). The empirical research adopted a systematic research
approach using two theoretical perspectives to analyse short-term IDT learning processes in
HEE.
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5.2

Theoretical perspectives

The theoretical perspective of Illeris (2002, 2007) was used to analyse the learning challenges
and strategies, and the theoretical perspective of Luning and Marcelis (2006, 2007, 2009a,
2009b) was used to analyse the learning outcomes.

5.2.1 Perspective of Illeris’s learning theory
No general framework for analysing the challenges and strategies involved in IDT learning
yet exists. Therefore, the perspective of Illeris’s learning theory (2002, 2007) was used,
describing student learning in terms of three interrelated dimensions: content, incentive, and
interaction. In this respect, the content dimension refers to the acquisition of disciplinary
knowledge necessary to integrate the knowledge (cognitive processes). As Derry et al. (1998,
pp. 33-34) has stated, every disciplinary term, for instance, the term ‘model’, must be clearly
understood if the disciplinary knowledge is to be linked successfully. The incentive dimension
refers to the dealing with emotional turbulence arising from interdisciplinary confusion
(emotional processes). In this respect, Boix Mansilla et al. (2012, p. 8) have referred to the
emotional turbulence as a ‘surprise’ or ‘painful disorientation’ that happens once new
disciplinary knowledge conflicts with prior disciplinary knowledge. The interaction
dimension refers to the multiple interactions with disciplinarians sharing disciplinary
knowledge in an open manner in order to learn from each other and to come to a shared
understanding (social processes). As Thompson (2009, p. 293) has noted, social processes of
shared learning and language exchange in interdisciplinary teams affect the team’s ability to
communicate effectively in addressing interdisciplinary tasks. Figure 5.1 shows the three
learning dimensions; the arrows illustrate the interrelationships between the cognitive,
emotional, and social processes of learning.
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Emotional

Cognitive
CONTENT

INCENTIVE

INTERACTION

Social
Figure 5.1 Triangle of learning dimensions, based on Illeris (2002, 2007)

The proposed ‘socio-emotional-cognitive platform’ of successful interdisciplinary
collaborations in interdisciplinary teams (Boix Mansilla et al., 2012) resembles the three
processes of learning of Illeris. In addition, the short-term IDT learning processes of students
in HEE also resemble these three learning dimensions (Spelt, Luning, Van Boekel, & Mulder,
under review). Hence, short-term IDT learning processes may also feature multiple challenges
on these three learning dimensions. These challenges are then content-related, incentiverelated, and interaction-related challenges. A content-related challenge is to connect
disciplinary knowledge in a meaningful way, an incentive-related challenge is to release
anxiety to cope with the ambiguity inherent to learning across disciplines and the interactionrelated challenge is to discuss with disciplinary experts conflicting disciplinary knowledge.
Illeris’s theory considers the concept of learning to be constructivist in nature, which means
that the learner him- or herself constructs his or her learning as mental structures, schemes,
and patterns (Illeris, 2003). During IDT learning students are required to ‘make meaning’ of
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each new disciplinary knowledge element by adapting their existing mental structures and
schemes.

5.2.2 Perspective of Luning and Marcelis’s food quality management research principles
No general framework for analysing the disciplinary knowledge connections involved in
achieving IDT learning outcomes yet exists. Therefore, the concepts underlying the research
principles in FQM (Luning & Marcelis, 2006, 2007, 2009a, 2009b) were used to analyse the
knowledge connections made between the food technology and management-related
disciplines. To illustrate, disciplinary knowledge connections in FQM between food
microbiology (a technology-related discipline) and education (a management-related
discipline) need to be made when, for example, a hands-on training in microbial hygiene for
factory operators is being designed. The integration of knowledge from technology and
management-related disciplines is called the ‘techno-managerial approach’ (T-M approach)
(Luning & Marcelis, 2006). As Milios et al. (2013, p. 1394) empirically found, management
commitment (management-related) to food safety policies (technology-related) is essential for
the proper implementation of food safety programs.
Luning and Marcelis (2007) have elaborated the T-M approach with a research
paradigm in which food quality (fq) depends on the dynamics of the food systems, which in
turn depend on the composition of the food products (food dynamics, fd) and the applied
technological conditions (tc). In addition, food quality depends on the dynamics of human
decision-making behaviour, which in turn depend on personal characteristics (human
dynamics, hd) and the applied administrative conditions (ac). Figure 5.2 illustrates how this
research paradigm can be applied to view FQM problems from four perspectives: food
dynamics (fd) and technological conditions (tc), which are technology-related, and human
dynamics (hd) and administrative conditions (ac), which are management-related. As a
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consequence of the T-M approach, four disciplinary knowledge connections are possible
between the technology and management-related disciplines. The arrows in Figure 5.2
illustrate these four connections, which are between (1) food dynamics and human dynamics
(fd–hd), (2) food dynamics and administrative conditions (fd–ac), (3) technological conditions
and human dynamics (tc–hd), and (4) technological conditions and administrative conditions
(tc–ac). Broad IDT learning outcomes in FQM should demonstrate these four kinds of
connections.

Technology
Food dynamics

Human dynamics
(hd)

FQM problem
situation

Administrative
conditions
(ac)

Technological
conditions
(tc)

Technology

Figure 5.2 Square of knowledge connections, based on Luning and Marcelis (2007)
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5.3

Research questions

The present research investigated four research questions:
1.

What do students report as challenges (content-related, incentive-related, and interactionrelated) in their IDT learning during the FQM course?

2.

What do students report as learning strategies to overcome these challenges?

3.

What do students report as disciplinary knowledge connections (fd–hd, fd–ac, tc–hd, tc–
ac) in their IDT learning during the FQM course?

4.

What justification do students give for having made these disciplinary knowledge
connections?

The data was collected from two journals completed by each of the students, one journal to
answer questions 1 and 2 and another to answer questions 3 and 4.

5.4

Method

5.4.1 Research context
The research context featured a constructively aligned instructional design for teaching broad
IDT (Spelt et al., 2015). Figure 5.3 provides a simplified representation of this instructional
design. The arrows in Figure 5.3 represent the constructive alignment between the four
successive learning outcomes in IDT specific to this course, and the teaching, learning, and
assessment elements. The four specific outcomes of IDT reflect the interdisciplinary research
in FQM. This research involves four research phases (Luning & Marcelis, 2009b) and one
specific learning outcome is related to each research phase. The four phases of the
interdisciplinary FQM research are undertaken to analyse and solve FQM problems. The first
phase is the problem appreciation phase; the second phase, the analysis phase, involves the
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problem analysis in more depth. In the third phase, the assessment phase, the problem
situation is assessed in order to identify solutions, and the fourth phase, the evaluation phase,
involves the evaluation of these solutions (Luning & Marcelis, 2009b). The course engaged
students in an authentic and ill-structured FQM problem-solving task with particular
assignments allocated to each of these four phases. In light of this, the students were engaged
on multiple occasions in cognitive endeavours involving IDT analysis and synthesis. This
resulted in multiple intermediate reports and in one final individual report. The problemcentred teaching on this course is one of the three pedagogical strategies (i.e., contextualizing,
conceptualizing, and problem-centering) that have been identified as appropriate when
delivering IDT (Nikitina, 2006).

Teaching, learning, and assessment:

Specific IDT learning outcomes:

Lectures

I. Apply

Teaching IDT in FQM

Disciplinary knowledge integration, which is
achieved by applying the T-M approach to the
FQM problem

Individual tasks
Learning IDT in FQM

II. Construct
Individual presentations
Learning by presenting students’ individual
IDT outcomes

Disciplinary knowledge integration, which is
achieved by constructing the T-M research
instrument

Group tasks

III. Identify

Working in student groups to learn IDT

Feedback sessions

Disciplinary knowledge integration, which is
achieved by identifying T and M causes of the
FQM problem

Assessing the intermediate IDT outcomes by
teachers and students

IV. Create

Self-reflection

Disciplinary knowledge integration, which is
achieved by creating the interdisciplinary
argument for the best solution to the FQM
problem

Reflecting upon IDT learning and outcomes
by students

Figure 5.3 Aligned course design for the learning of IDT, based on Spelt et al. (2015)
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The overall intended learning outcome of the course on broad IDT was: ‘At the end of this
FQM course, students will be able to apply IDT to FQM problems by using the technomanagerial (T-M) approach in the four phases of the interdisciplinary research methodology’.
This was a 12-week course taught by two teachers, one from the T-related disciplines (second
author) and one from the M-related disciplines (not a member of the author team). This FQM
course has a relatively long history as a mandatory course in the interdisciplinary graduate
program on FQM. This program is provided at a European university that delivers education
in the domain of healthy food and a healthy living environment. This university is reputed to
be outstanding in education and research in its multidisciplinary domain. The present designbased research (e.g., Edelson, 2002; McKenney & Reeves, 2012) examined the learning of
novice learners using multiple lenses and data. However, the present research did not examine
the effectiveness (i.e., is there a systematic effect and why?) or practicality (i.e., what is
happening?) of the implemented instructional design (e.g., Nieveen, 2007; Penuel, Confrey,
Maloney, & Rupp, 2014; Shavelson et al., 2003), neither the theoretical, nor the
methodological issues of design-based research (e.g., Brown, 1992; Collins et al., 2004; Dede,
2004; Kelly, 2004; Penuel, Fishman, Cheng, & Sabelli, 2011; Shavelson et al., 2003).

5.4.2 Data collection
The data collection took place via two reflective journals. One journal was intended to collect
data on challenges and strategies. This journal was written by the students during the course,
on five occasions occurring at almost regular intervals. Students were asked to reflect on their
challenges and strategies during their learning of broad IDT. The journaling activity was
based on Brookfield's critical incident method (1995). This method involves critical reflection
on incidents that individuals encounter in order that they might learn from these ‘incidents’,
‘difficulties’ or ‘challenges’. The journal format was an author-devised data-collection form
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structured in two parts: part A, the description of the challenge, and part B, the description of
strategies pursued to overcome the challenge faced. The latter description took the form of
five statements.
The other reflective journal was intended to collect data on disciplinary knowledge
connections. This journal was completed on one occasion at the end of the course. Students
were asked to reflect on two disciplinary knowledge connections as described in their final
reports. The journaling activity was based on the evaluation criterion ‘usefulness’ that is
recommended for the critical evaluation of research activities conducted in the FQM research
phases (Luning & Marcelis, 2009b). This criterion considers three sub-criteria: (1) relevance,
(2) reliability, and (3) validity. The journal format was an author-devised form structured in
two parts: part A, the description of the disciplinary knowledge connection made, and B, the
critical evaluation of the connection. The evaluation took the form of four statements.
In completing both journals, students were free in their choice of which challenges and
connections they wished to report. Instruction on the added value of reflection was provided
on two occasions during the course with respect to reflection in general (Boud, 2001; Langer,
2002), reflection in interdisciplinary research (Morse et al., 2007; Repko, 2012), reflection
during IDT learning (Boix Mansilla & Duraising, 2007; Nardone & Lee, 2011; Woods, 2007),
and reflection in becoming a capable professional (Groen, 2011; Shön, 1987). The population
of 30 students ranged in age from 23 to 41-years-old, where 22 students were women and
eight were men, and 13 nationalities were represented. All 30 students were novice IDT
learners. The data collection yielded 150 journals with respect to the challenges and strategies
and 30 journals with respect to the outcomes. All journals were processed digitally and
anonymously.
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5.4.3 Data analysis
The data analysis featured a content analysis which, in accordance with Hsieh and Shannon
(2005, p. 1278), was considered as a research method for the subjective interpretation of the
content of textual data. This content analysis involved the systematic categorization of the
data, thereby enabling the identification of patterns. Two types of content analysis were
performed: directed content analysis and conventional content analysis (Hsieh & Shannon,
2005). The goal of the directed content analysis approach was to validate and to conceptually
extend the theoretical perspectives presented (see chapter 5.2). This analysis involved the use
of predetermined codes derived from these theoretical perspectives. This analysis was done by
the first author who coded all 150 reported challenges and all 60 reported knowledge
connections. The codes with respect to the challenges were based on the three dimensions of
Illeris (2002, 2007) and included the categories content-related challenge, incentive-related
challenge, and interaction-related challenge. The codes with respect to the knowledge
connections were based on the concepts of Luning and Marcelis (2007) and included the
categories: fd–hd, referring to food dynamics and human dynamics, fd–ac, referring to food
dynamics and administrative conditions, tc–hd, referring to technological conditions and
human dynamics, and tc–ac, referring to technological conditions and administrative
conditions.
After the directed content analysis, the conventional content analysis was
conducted for each data set. For the data set on learning challenges, the goal of the
conventional content analysis was to identify the subcategories of challenges and the
strategies. For the data set on knowledge connections, the goal was to identify the
subcategories of justification given by the students. The inductive analysis method was kept
as simple as possible and started with identifying similar kinds of expressions, clustering
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them, and subsequently labelling each cluster (Silverman, 2013). The analysis was done twice
to make sure that an optimal fit was achieved between subcategories and the data set.

5.5

Results and discussion

5.5.1 Learning challenges (research question 1)
Table 5.1 provides two examples of the reported challenges per category of challenge.

Table 5.1
Category of

An illustration of the reported learning challenges per category of challenge
The experienced challenge is:

challenge
Content-

“How to integrate both T[echnological] and M[anagerial] factors. Though the idea

related

that T[echnological] and M[anagerial] elements are always linked together is clear
to me, I do not know [how] to demonstrate it in my assignment. I am easily to lose
[easily loose] the balance when using them”
“The most difficult thing I experienced was putting […] the T[echnological] &
M[anagerial] strategies (solutions) [and solutions] together and comparing them
with another”

Incentive-

“I was quite certain which factors had an influence, but uncertain where [how] to

related

categorise them. I was also doubting whether or not I had unilaterally
T[echnological] and M[anagerial] concepts”
“I found a lot of models that are relevant to my case [FQM problem]. I was confused
which to use, many of them fits to my [FQM] situation, I had to choose ‘the best’”

Interaction-

“To manage my time between researching the M[anagerial] factors and

related

T[echnological] factors”
“To find relevant information to help me to judge the best solutions”
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Students reflected on the challenge of connecting the disciplinary knowledge in a meaningful
way (content), on the confusion arising from crossing disciplinary boundaries due to the
overwhelming amount of disciplinary knowledge and number of possibilities involved in
demarcating complex problems (incentive), and they reflected on the need for collaborating
with peers and for finding adequate information to be able to reason in a consistent way
during their interdisciplinary research (interaction). Empirical research (D' Mello & Graesser,
2012; D' Mello et al., 2014) on the affective states during complex learning has shown that
confusion can be beneficial to learning, once the confusion (incentive) is successfully
resolved. The attempt to achieve resolution is likely to lead to engagement and flow. Should,
however, the attempt fail, confusion is likely to lead to frustration and then boredom. This
mechanism illustrates the importance of the successful resolution of the reported confusion
during IDT learning.
The results showed that students reflected more often on the challenge categories of
content (106 times) and interaction (38 times) than on the challenge category of incentive (six
times). Possible explanations for this difference in frequency are: students do not consider
their emotions to be part of their learning processes, students do not regard emotions as
learning challenges, students prefer not to reflect on this kind of challenge, students do not
face incentive-related challenges during IDT learning, students were not triggered to report on
this kind of challenge due to the manner of interrogation, students might not be able to reflect
on their emotions because their emotional intelligence is as yet insufficiently developed
(Goleman, 1996), and students might not dare to reflect on their emotions since they might
perceive this to be too personal.
Table 5.2 presents the subcategories of each category of challenges. All the identified
subcategories relate to the achievement of the IDT learning outcomes. For example, the
making of meaningful connections is considered as challenging (content-related), because it
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involves the cognitively embedding of new ideas into existing ideas (Richter & Paretti, 2009),
and because it involves the recognition of relationships between disciplinary knowledge
elements that have different scales or units (Defila & DiGiulio, 2015; Eisen et al., 2009;
Morse et al., 2007). Additionally, IDT may prompt the need to define the rules and boundaries
of study and this may give rise to the challenge of feeling uncertain (incentive-related),
whereas disciplinary thinking occurs in a context with predefined rules and boundaries of
study (Lach, 2014). Furthermore, the time-management involved in doing interdisciplinary
research is a known challenge (interaction-related), because working across disciplines takes
time (Sharp, 2015) and learning to work across disciplines also takes time (Lyall, Bruce, Tait,
& Meagher, 2011).

Table 5.2
Category of

Overview of subcategories of challenges per category of challenge
Subcategories of challenges

challenge
Content-

-

related

Analysing the complex problem situations by viewing the multiple perspectives
in an appropriate manner

-

Linking, connecting, and integrating the disciplinary knowledge and practical
information in reasonable combinations

-

Maintaining an appropriate balance between the disciplinary knowledge
elements in number and specificity

Incentive-

-

related

Coping with the uncertainty of selecting and categorizing the disciplinary
knowledge

Interaction-

-

Finding relevant literature per discipline for the particular research phase

related

-

Managing time between researching the relevant disciplines
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5.5.2 Learning strategies to overcome the learning challenges (research question 2)
Table 5.3 illustrates the kind of learning strategies that were reported per category of
challenge.

Table 5.3

An illustration of the reported strategies per category of challenge

Category of

To overcome the experienced challenge:

challenge
Content-related:

“[I] will draw a flow chart. This simple method allows me to have a clear view on

connecting the

the situation. Problem in the middle and possible causes from both [technological

disciplines

and managerial] perspectives. Flowchart allows to define the problem and, step by
step find out concrete managerial and technological issues causing problems”

Incentive-related:

“I read carefully my previous assignments (1st-5th), come [read] back to [the]

confusion on

description of the CMC case [company] and combine it with the literature about the

selecting the

TQM [Total Quality Management] approach”

disciplinary
knowledge
Interaction-

“[I] spend much time searching for literature in order to find ways to make a

related: searching

linkage between T[echnological] and M[anagerial] issues with the respective

for adequate

consequences. Additionally, I discussed with my peers about the problem I was

disciplinary

facing and it appears that I am not the only one. Together we tried to solve the

knowledge

difficulty by searching literature”

At first sight, the reported strategies seemed to be effective strategies for coping with the
challenges of IDT learning. Table 5.4 shows the subcategories of each learning strategy per
category of challenge. This table shows that strategies for coping with the challenges involved
in IDT learning include the following: using all the available information to gain a good
understanding of the problem situation, rethinking all technological and managerial
knowledge elements to find connections, putting thoughts on paper to foster reflection on the
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reasoning (content-related), being more open-minded and trying to be creative (incentiverelated), listening carefully to the lectures and student presentations; discussing with peers,
and searching for literature and handbooks that describe the disciplinary connections
(interaction-related). The impact of these strategies to overcome the challenges should be
investigated to identify which learning strategies good IDT students use and which factors
affect their choice of strategy.

Table 5.4
Category of

Overview of subcategories of learning strategies per category of challenge
Subcategories of learning strategies

challenge
Content-

-

related

Gaining a good picture of what is happening in the problem situation by linking
the disciplinary knowledge and practical information

-

Rethinking of the problem situation and organizing the connections between T
and M-related disciplinary knowledge, using flow diagrams

-

Writing down in one's own words the thoughts and gathered information and
reflect upon the logical reasoning

Incentive-

-

Being more open-minded about what interdisciplinary research actually involves

related

-

Being creative in the use of search terms across the disciplines

Interaction-

-

Re-reading all information, asking, and listening to teachers, and discussing with

related

peer students to learn their ‘tips and tricks’
-

Searching for literature that already connects the disciplinary knowledge and for
literature that aids the recognition of these connections

5.5.3 Disciplinary knowledge connections (research question 3)
Table 5.5 illustrates the kind of disciplinary knowledge connections that were reported per
category of disciplinary knowledge connection. The example provided for the fd–hd category
shows how the interaction between the knowledge of operators (hd, human dynamics) and the
ripeness of tomatoes (fd, food dynamics) impacts decision-making concerning the quality of
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the tomatoes to be used as ingredients. The results showed that the tc–hd and tc–ac
knowledge connections were reported more frequently, 26 and 28 times respectively, than the
fd–hd and fd–ac knowledge connections, reported four and two times respectively. The
students themselves chose the knowledge connections they wished to report, allowing for the
constraint of reporting one knowledge connection in research phase III and one knowledge
connection in research phase IV (see chapter 5.4.2).

Table 5.5

An illustration of reported knowledge connections per category of knowledge connection

Category of

The made disciplinary knowledge connection is:

knowledge
connection
fd–hd

“On page 19, I explained how the combination between lack of knowledge of
employees (managerial) and variability in ripeness of incoming tomatoes
(technological), can lead to a situation where employees will let through the unripe
tomatoes for using them in the company CMC meals”

fd–ac

“As the Industry Guide for Beef Aging stated, to improve the consistency of beef
tenderness, post-mortem aging should be managed with respect to both individual
muscle and USDA Quality Grade. USDA Select beef muscles required approximately
20 days or more of post-mortem aging to complete a majority of the aging response.
[…]”.

tc–hd

“The R&D department need to find the best gas composition in modified atmosphere
packaging for pork to meet their customer demand. On the other hand, people in
marketing department need to improve their knowledge on measuring colour
performance of the customers, so that they can know which colour is their customer’s
demand, then communicate with R&D department via information system, so that R&D
department can design the best gas composition in the modified atmosphere packaging”

tc–ac

“According to the literature the reason that company CMC lab does not have suitable
equipment may be because there are not enough finances made available to the
incoming material control lab in order to acquire the best suitable equipment. Thus
another solution will have to be found to increase the finances available to the lab by
making the people in control of the finances aware of the need for suitable equipment
and convincing them of the impact the suitable equipment will have on the sales of the
final product and evidently contributing to a more positive financial situation for the
company CMC in the long term”

Note: the text addressing the four perspectives (fd, tc, hd, s ac) is bold printed.
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In view of this freedom of choice, it seems that students prefer to reflect on the tc–hd and tc–
ac knowledge connections more than on the fd–hd and fd–ac knowledge connections, or it
might be that during research phases III and IV, the students needed to make more tc–hd and
tc–ac knowledge connections than in research phases I and II, or it might be that reflection on
tc–hd and tc–ac knowledge connections is more obvious to students, or it might be that the
teachers provided more examples of these particular kinds of knowledge connections. Further
research should clarify whether students tend to make some types of knowledge connections
rather than others and whether they tend to reflect on some types of knowledge connection
rather than others.

5.5.4 Justification of the knowledge connections made (research question 4)
Table 5.6 shows the subcategories of justifications given per category of IDT subskill. The
identified subcategories show similarities with the three assessment criteria applied to student
interdisciplinary work (Boix Mansilla & Duraising, 2007, p. 223), namely: (a) disciplinary
grounding, (b) critical awareness, and (c) advancement in student understanding through
integration. As shown in Table 5.6, the subcategories of justifications within the category of
having disciplinary knowledge were: in depth-disciplinary and factual reasoning. Students
produced in-depth reasoning that justified the disciplinary knowledge connections made by
explaining the disciplinary facts and practical information used to make the connection. An
example is “Thus if the packaging properties is [are] not sufficient to maintain the [modified
atmosphere] gas composition, the gas composition of the package altered. This will then
result in the [negative] effects of modified atmosphere composition being reversed and thus
revering [reverting to] the normal atmospheric composition. This reversing process will
create an optimal environment for spoilage microbes like Pseudomonas fluorescens and
Candida sake to grow as no more hurdles are present to inhibit their growth [references].”
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This example shows the disciplinary reasoning supporting the use of a modified atmosphere
packaging that requires particular packaging properties; without these properties, the induced
gas composition of modified atmosphere packaging is going to change, leading to the
undesired growth of single-cell organisms that will cause spoilage. By providing this kind of
justification, students show their disciplinary understanding (subskill 1 and criteria a).

Table 5.6

Overview of subcategories of justifications per category of subskill

Category of subskill

Subcategories of justifications

1. Having knowledge of

-

In-depth disciplinary reasoning

disciplines

-

In-depth factual reasoning

2. Having knowledge of

-

Theoretical source information and assumptions derived

disciplinary paradigms

-

Practical source information and assumptions derived

3. Having knowledge of

-

The interrelationships between the disciplinary knowledge

interdisciplinarity

-

The reasoning behind the interrelationships

4. Having higher-order

-

The activities conducted in connecting the disciplinary

cognitive skills

5. Having communication

knowledge
-

The weighing of disciplinary knowledge involved

-

The reflective manner of communicating the advancement in

skills

understanding
-

The influence of individual disciplinary background

In addition, in the subcategories of justifications within the category of having knowledge of
disciplinary paradigms reference was made to the sources and the assumptions derived from
them in order to justify the connection (see Table 5.6). To illustrate, “The description of CMC
case [company] shows that its products are mainly sold to the North-west Europe. Germany,
the Netherlands, Switzerland, and Belgium have banned to use chlorine to wash ready-to-eat

102

Learning challenges, student strategies, and the outcomes of education in interdisciplinary thinking

food [reference]. Also, [reference] reports that equipment for ozonation [ozonated] washing
need [needs] higher anticorrosive and initial investment [reference]. So, I think CMC will
take these regulations and requirement of equipment into account when it makes decision of
use of antimicrobial agent.” This example illustrates a meta-level of reasoning (Boix Mansilla
& Duraising, 2007) with respect to particular sources and explains how assumptions were
derived in view of these sources. By providing this kind of justification, students show their
understanding of disciplinary paradigm knowledge (subskill 2 and criteria a). The
subcategories of justifications within the category of having knowledge of interdisciplinarity
deal with explaining the interrelationships between the disciplinary knowledge elements (see
Table 5.6). For instance, “It [the connection] shows how the setting of product and process
parameter specifications and managerial issues such as operator training and organisation
culture influence operator[s’] decision[s]. Thus showing [the connection shows that]
decisions are not just depended [dependent] on technological conditions but also on people
characteristics and administrative conditions.” This example explains the interdependency
between technology-related and management-related factors (see chapter 5.2.2) and shows the
student's critical awareness of interdisciplinarity (subskill 3 and criteria b).
With respect to the category of having higher-order cognitive skills, the subcategories of
justifications concern the construction of the knowledge connection and the contribution of
each discipline to this knowledge connection (see Table 5.6). The following excerpt is a
student reflection on how the connection is constructed: “Two main factors, logical reasoning
and underpinning [with] literature. Logical reasoning derived from the combination of three
critical points; crucial facts (provided by the CMC [company] description), my previous
educational background, and finally the detailed analysis of my operational research
instrument. Additionally, the useful support of literature was very important for extracting
data on the set of key questions.” By providing this kind of justification, students show their
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critical awareness of how to construct the disciplinary knowledge connections (subskill 4 and
criteria b). With respect to the category of having communication skills, the subcategories of
justifications showed the student’s awareness of his or her influence on the making of the
disciplinary knowledge connections and, in particular, the influence of the researcher’s
disciplinary background (see Table 5.6). An example is: ”Despite the fact that I was firstly
biased on analysing different factors and try [to] find solutions more from a technological
prospective because of my background, in the end I underpinned my argumentation based on
managerial prospective which was supported from [by] technological factors as the
disinfectant agents and the microbiological tests.” By providing this type of justification,
students demonstrate the ability to reflect on disciplinary bias in interdisciplinary research
(subskill 5 and criteria c). Further research is required to determine whether having a
justification for each subcategory is a prerequisite for making disciplinary knowledge
connections. Suppose this were the case, then the question becomes whether it would be
possible to teach students in HEE to formulate all five kinds of justifications identified.

5.6

Critical considerations and further research

One issue to be critically considered is the current use of research methods. Firstly, the IDT
learning outcomes were empirically investigated by means of the analysis of the disciplinary
knowledge connections. However, this means that the gain in IDT ability by students has not
yet been investigated. Secondly, the self-reflection method was used to investigate the
challenges, strategies, and outcomes. Presumably, the ability to self-reflect differs per student
and per nationality, and it is likely that this was the first time that these students had been
required to reflect in this way. However, the self-reflection method is a common formative
method used to evaluate the practicality of newly developed instructional designs (Linn,
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Palmer, Baranger, Gerard, & Stone, 2015; Nieveen & Folmer, 2013). The use of the selfreflection method in this research has advanced understanding of both IDT learning processes
and the practicality of the implemented instructional design.
A second consideration is the potential added value design-based research brings to an
examination of the learning processes. This is because (1) the learning is examined within a
particular ‘engineered’ context (Cobb et al., 2003; Sandoval & Bell, 2004), (2) the
investigation environment is naturalistic (Barab & Squire, 2004; Tabak, 2004), (3) usable
knowledge about how students learn is produced through the methodological alignment of
existing theories and implemented instructional designs (Hoadley, 2004), (4) the achievement
of goals between the researchers' goals, designers' goals and practitioners' goals is facilitated
(Joseph, 2004), and (5) design refinements are made possible by means of teaching, learning,
and assessment conjectures (Sandoval, 2004, 2014). Design-based research to examine the
teaching and learning of IDT is therefore encouraged in line with Gouvea et al. (2013).
Another consideration is the way in which the systematic analysis of student learning
has been conducted using the perspective provided by the integrated learning theory of Illeris
(2002, 2007) and the adoption of the naturalistic research paradigm (Hsieh & Shannon, 2005).
As Saljö (2009) has discussed, when researchers studying and making claims about learning,
researchers clarify the theoretical perspective they are using. They also clarify the unit of
analysis being used, which depends on the chosen theory. This reduces the complexity of
learning. This reductionist step was taken in the present research by separating the learning
into cognitive, emotional, and social processes (Illeris, 2002, 2007). Obviously, the tension
between capturing the complexity of learning, on the one hand, and conducting a rigorous
systematic research methodology, on the other hand, was also present in this research. This
reductionist approach may have limited the gain in understanding concerning the learning
processes.
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Further research directions are numerous: (1) replication studies to validate the present results
and to verify that the present findings can be generalized (Babbie, 2010), (2) experimental
studies to develop pedagogical support for students contending with the challenges of IDT
learning, (3) learning studies to further analyse short-term learning processes. This would
involve extending the investigation to individual students to better understand how students
learn IDT, (4) design-based research studies to investigate the impact of constructively
aligned designs on IDT learning, (5) design studies of assessment instruments (Boix Mansilla,
Duraising, Wolfe, & Haynes, 2009; Engström, 2014; Hackett & Rhoten, 2009; Lattuca et al.,
2013). Ideally, these design studies would focus on an individual's performance. Table 5.7
presents an initial version of an assessment instrument for assessing an individual's IDT
performance.

5.7

Conclusions and implications

In extending the understanding of student IDT learning in HEE, the present research
concludes that empirical evidence was found to support the learning theory of Illeris (2002,
2007) and the FQM concepts of Luning and Marcelis (2007) with respect to short-term IDT
learning processes. In particular, the present research concludes that students face challenges
on all three learning dimensions of Illeris during IDT learning in the FQM course. In this
respect, students tend to report content-related and interaction-related challenges more
frequently than incentive-related challenges. Furthermore, the present research concludes that
during IDT learning, students make every one of the four types of disciplinary knowledge
connection that are possible in FQM. In this respect, students tend to report tc–hd and tc–ac
disciplinary knowledge connections more frequently than fd–hd and fd–ac disciplinary
knowledge connections. Overall, it can be concluded that research in ‘designing for learning’
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by means of design-based research promotes scientific understanding of the teaching and
learning of IDT in HEE and enables the refinement of instructional designs for IDT.

Table 5.7

Initial rubric on the development of competence in IDT

Category of subskill

An individual competent in IDT:

Having knowledge of
disciplines

-

asks open questions to understand the reasoning involved in disciplines

-

draws tables or figures showing the relevant disciplinary knowledge for
the particular research purpose

Having knowledge of
disciplinary
paradigms

-

distinguishes differences and similarities between disciplinary
perspectives and knowledge elements

-

explains the disciplinary perspectives that are used to interpret the
knowledge elements

Having knowledge of
interdisciplinarity

-

explains on a meta-level the interdisciplinary approach that was taken in
order to achieve the interdisciplinary research purpose

Having
higher-order
cognitive skills

-

shows creativity in making meaningful connections between the relevant
disciplinary knowledge with a view to producing a cognitive advancement

-

tests the plausibility of the connections and the sufficiency of the
cognitive advancement

Having
communication skills

-

is able to communicate the advancement in understanding to
disciplinarians and interdisciplinarians

-

is able to communicate how the knowledge connections were made as
well as their benefits and shortcomings

The present research suggests the importance of providing pedagogical support for students in
dealing with challenges and making disciplinary knowledge connections. In this respect,
Table 5.8 presents a pedagogical tool that includes questions to formatively assess the making
of disciplinary knowledge connections and to enhance creativity in making these connections
(Dowds, 1998; Ng et al., 2011; Nicol & Macfarlane-Dick, 2006; Quinton & Smallbone,
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2010). This pedagogical tool can be used by teachers and students. Furthermore, the results
suggest the need to adjust IDT teaching to the content, learning, and incentive dimensions
(Illeris, 2002, 2007). Moreover, the results indicate the need to have an interdisciplinary
framework (see chapter 5.2.2), which represents the connections between disciplines,
embedded in the course design. This framework provides students with a platform from which
to learn how to make these connections.

Table 5.8

Supportive questions to formatively assess the disciplinary knowledge integration

Category of subskill

Supportive questions on making knowledge connections:

Having knowledge of

How relevant is the connection?

disciplines

Asking for the meaningfulness of connecting these disciplines

Having knowledge of

How reliable is the connection?

disciplinary paradigms

Asking for the epistemic and system level differences that might influence
the reliability of the connections

Having knowledge of

How accurate is the connection?

interdisciplinarity

Asking for the continuously revision of the connections due to the
advancements in understanding of the problem under study

Having higher-order

How is the connection constructed?

cognitive skills

Asking for details of the construction of the connections and the
disciplinary knowledge used

Having communication

How is the connection communicated?

skills

Asking for the manner of communicating the connections and the
advancement in understanding

The final implication is the clarification of the IDT learning outcomes and the alignment of
these outcomes with the teaching, learning, and assessment activities (Borrego & Cutler,
2010; Gharaibeh et al., 2013; Yang, 2009). With particular relevance to IDT learning, the
constructive alignment principle facilitates the better alignment of subject matter via the
108

Learning challenges, student strategies, and the outcomes of education in interdisciplinary thinking

formulation of intended learning outcomes beyond the disciplinary subjects. In addition, the
alignment brings consistency to IDT learning environments. As Fischer has claimed (1980, p.
480), the development of skills are induced by the environment, and only the skills that are
induced most consistently will typically be developed at the highest level that the individual is
capable of. So, once the constructive alignment principle has been implemented for the
intended learning outcome of IDT, students in HEE have the opportunity to learn IDT at the
highest level they are capable of, induced by consistent learning environments.
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6.1

Research overview and results

Each chapter of this thesis is a step towards answering the main research question: “Which
teaching and learning aspects need to be taken into account in order to teach engineering
students interdisciplinary thinking (IDT) with respect to complex problem solving?” This
main research question originated in the actual problem situation, as represented in Figure
6.1, on the need for improving the education practice in order to enhance student learning on
IDT in higher education in engineering (HEE).
Synthesis: conceptual framework describing teaching and learning aspects that may need to be
taken into account

Results of study I and II: subskills,
conditions, and design aspects

Results of study III and IV: learning
experiences and challenges

Teaching-focused research: design criteria
for learning environments

Learning-focused research: characteristics
of learning processes

Actual research problem: little understanding of the pedagogical support to the student
learning of IDT

Actual problem situation: need for improvement of education practice to enhance student
learning on IDT

Figure 6.1 Overview of conducted thesis research

After literature exploration, the actual problem situation led to the identification of the actual
research problem (Figure 6.1), which was little scientific understanding on the pedagogically
support to the learning of IDT by engineering students. Therefore, teaching-focused research
(Figure 6.1) was conducted to investigate subskills of IDT, enabling conditions and design
aspects for learning environments (chapters 2 and 3). In addition, learning-focused research
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(Figure 6.1) was conducted to investigate learning experiences, and challenges (chapters 4
and 5). The synthesis of these results has led to a conceptual framework describing the
teaching and learning aspects that may need to be taken into account to improve education
practice on IDT, which was the starting point of this thesis research.
In order to answer the main research question, four sub research questions were
investigated in the present research. The first sub research question dealt with the inventory of
main subskills of IDT and enabling conditions to teach and to learn IDT in interdisciplinary
higher education (Figure 1.4, study I). Chapter two, dealing with this sub research question,
showed that theoretical evidence was found for five main subskills and 26 main enabling
conditions for interdisciplinary higher education (see Table 2.1). The second sub research
question dealt with the inventory of key design criteria that need to be taken into account to
teach engineering students IDT in HEE (Figure 1.4, study II). Chapter three, dealing with this
sub research question, showed that empirical evidence was found for eight key design aspects
for the food quality management (FQM) course in question (see Table 3.6). The third sub
research question dealt with the inventory of key learning experiences that need to be taken
into account to teach engineering students IDT in HEE (Figure 1.4, study III). Chapter four,
dealing with this sub research question, showed that empirical evidence was found for 24 key
learning experiences for the FQM course in question (see Table 4.3). The fourth sub research
question dealt with the inventory of typical learning challenges that need to be taken into
account to teach engineering students IDT in HEE (Figure 1.4, study IV). Chapter five,
dealing with this sub research question, showed that empirical evidence was found for six
typical learning challenges for the FQM course in question (see Table 5.2). All
aforementioned main results (Tables 2.1, 3.6, 4.3, and 5.2) are used in chapter 6.2 to extend
the existing models of teaching and learning, which were explained in chapter 1, and applied
to the present thesis research (chapters 2 – 5).
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6.2

Extension of the used teaching and learning models

The present thesis research aim was to gain insight in the pedagogical content knowledge for
IDT to enhance student learning across HEE. In accordance to Boix Mansilla (2010) and
Shulman (1987), pedagogical content knowledge was considered in the present research as an
understanding of the unique teaching and learning demands to ensure quality student learning
processes. To achieve the aim of gaining insight in these teaching and learning demands, the
understanding of design criteria of IDT learning environments (teaching-focus) and the
understanding of IDT learning process characteristics (learning-focus) were considered as
necessary. Considering the teaching-focus, the constructive alignment theory of Biggs and
Tang was applied to advance the understanding on teaching and learning IDT. Based upon the
main results of chapter 2 (Table 2.1), the original 3P model of teaching and learning (see
Figure 1.1) can be extended for each component: student, learning environment, learning
process, and learning outcomes. Figure 6.2 presents the extended 3P model of teaching and
learning of IDT in higher education. As shown by this extended model for the component
student, it can be reasoned that the student characteristics of ‘curiosity’, ‘respect’, ‘openness’,
‘patience’, ‘diligence’, ‘self-regulation’, ‘prior social experiences’, and ‘prior educational
experiences’ would likely lead to better IDT learning processes and outcomes. Additionally,
for the component learning environment, it can be reasoned that the learning environment
characteristics divided into four different categories, ‘curriculum’, ‘teacher’, ‘pedagogy’, and
‘assessment’ would likely lead to better IDT learning processes and outcomes. Furthermore,
as shown in Figure 6.2 for the component learning processes, it can be reasoned that ‘phased
with gradual advancement’, ‘linear’, ‘iterative’, ‘milestones with encountering questions’,
‘learning activities aimed at achieving interdisciplinarity’ and ‘learning activities aimed at
achieving reflection’ would likely lead to better IDT learning processes and outcomes.
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Moreover, for the component of IDT learning outcomes, it can be reasoned that the
acquisition of particular knowledge, ‘knowledge of disciplines’, ‘knowledge of disciplinary
paradigms’, and ‘knowledge of interdisciplinarity’ together with particular skills, ‘higherorder cognitive skills’ and ‘communication skills’, would likely lead to better IDT learning
processes and outcomes.

Presage

Process

Product

Student
Personal characteristics:
curiosity, respect,
openness, patience,
diligence, self-regulation
Prior experiences:
social, educational
Learning process

Learning environment
Curriculum: balance
between disciplinarity
and interdisciplinarity,
disciplinary knowledge
inside or outside courses
on interdisciplinarity

Pattern: phased with gradual
advancement, linear, iterative,
milestones with encountering
questions
Learning activities: aimed at
achieving interdisciplinarity, aimed
at achieving reflection

Learning outcomes
of IDT
Having knowledge:
knowledge of
disciplines,
knowledge of
disciplinary
paradigms,
knowledge of
interdisciplinarity
Having skills: higherorder cognitive skills,
communication skills

Teacher: intellectual
community focused on
interdisciplinarity,
consensus on
interdisciplinarity, team
development, team
teaching
Pedagogy: aimed at
achieving
interdisciplinarity, aimed
at achieving active
learning, aimed at
achieving collaboration
Assessment: of students’
intellectual maturation,
of interdisciplinarity

Figure 6.2 Extended 3P model of teaching and learning of IDT in higher education based upon the
systematic review findings (study I)
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Based upon the main results of chapter 3 (Table 3.6), the original outcome-based design
model (Figure 1.2) can be extended for each part of the model: the intended learning
outcomes, teaching and learning activities, and assessment tasks. Figure 6.3 presents the
extended outcome-based design model for interdisciplinary learning environments.

Design criteria
Learning
environment:
- learning
within an
interdisciplina
ry framework
- learning via a
step-by-step
roadmap
Teaching:
- receiving
cognitive
guidance
- receiving
examples to
familiarize
oneself

The learning outcomes of
interdisciplinary thinking
Design criteria
Apply:
disciplinary knowledge
integration which is achieved by
applying the techno-managerial
(T-M) approach to the complex
problem
Construct:
disciplinary knowledge
integration which is achieved by
constructing the T-M research
instrument

Learning:
- engaging in a
range of
disciplinary
perspectives
- conducting
disciplinary
knowledge
integration a
number of
times

Assessment:
- determining
concrete
improvements
- tackling
difficult
issues during
learning
activities

Identify:
disciplinary knowledge
integration which is achieved by
identifying the technological and
managerial causes for the complex
problem
Create:
disciplinary knowledge
integration which is achieved by
creating the interdisciplinary
argument in support of the best
solution for the complex problem

Figure 6.3 Extended outcome-based design model for IDT based upon the critical evaluation
findings (study II)

From this extended model for the part of intended learning outcomes, it can be reasoned that
four different IDT learning outcomes would help students in their IDT learning processes and
outcomes with respect to complex problem solving. Additionally, for the part of teaching and
learning activities, it can be reasoned that design criteria with respect to the learning
environment such as ‘learning within an interdisciplinary framework’ and ‘learning via a stepby-step roadmap’, with respect to teaching, such as ‘receiving cognitive guidance’ and
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’receiving examples to familiarize oneself’, and with respect to learning such as ‘engaging in
a range of disciplinary perspectives’ and ‘conducting disciplinary knowledge integration a
number of times’ would help students in their IDT learning processes and outcomes.
Furthermore, as shown in Figure 6.3 for the part of assessment tasks, it can be reasoned that
design criteria with respect to assessment such as ‘determining concrete improvements’ and
‘tackling difficult issues during learning activities’ would help students in their IDT learning
processes and outcomes. It is hypothesized that by constructively aligning these design
criteria in education practice on learning how to solve complex problems in an
interdisciplinary manner, the IDT learning processes and outcomes by engineering students
would be better.
Considering the learning-focus of the present thesis research (see Figure 6.1), the
learning theory of Illeris was applied to advance the understanding on teaching and learning
IDT. Based upon the main results of chapter 4 (Table 4.3), the original model of the three
dimensions of learning (see Figure 1.3) can be extended for each dimension of learning:
content, incentive, and interaction. Figure 6.4 presents the extended learning dimensions
model for IDT learning with the identified key learning experiences (Table 4.3). As shown in
Figure 6.4, the identified key experiences for the content dimension are, for example,
‘understanding how to apply theoretical models or concepts to real-world situations’ and
‘becoming aware of disciplinary contributions to the analysis of complex problems’. In
addition, the identified key experiences for the incentive dimension are, for instance,
‘frustrations in selecting and matching disciplinary knowledge to complex problems’ and
‘feeling ambiguous about not having a clear view on how to frame complex problems’.
Moreover, two illustrations of the key experiences identified for the interaction learning
dimension are: ‘dealing with the scheduled time for searching literature’ and ‘socially
engaging with peers to recognize similarities in perceptions and experiences’. Considering the
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key experiences as presented in Figure 6.4, it can be reasoned that once engineering students
gain experience during their learning processes on these particular experiences, the IDT
learning processes and outcomes would be better.

Key experiences for the
incentive dimension:

Key experiences for the
content dimension:
Understanding how to apply
theoretical models or
concepts to real-world
situations, becoming aware
of disciplinary contributions
to the analysis of complex
problems, developing
searching skills for acquiring
disciplinary knowledge,
designing conceptual models
representing disciplinary
interrelationships, realizing
the essence of all
interdisciplinary research
steps to be taken, recognizing
changes due to advanced
insights into the
interdisciplinary research,
recognizing that answers can
be based upon various uses
of disciplinary knowledge,
understanding the logic of
interdisciplinary research and
the pitfalls involved

SOCIETY

INCENTIVE

CONTENT

INTERACTION

Key experiences for the interaction dimension:

Frustrations in selecting and
matching disciplinary
knowledge to complex
problems, feeling ambiguous
about not having a clear view
on how to frame complex
problems, irritation at the
lack of the disciplinary
knowledge to analyse
complex problems,
struggling to put different
knowledge elements together
in a meaningful way, facing
challenges in getting the
exact information to diagnose
complex problems, feeling
relieved at what has been
achieved compared to the
intensive efforts, mixed
feelings about the integration
of disciplinary solutions into
one solution, feeling happy
about the systematic manner
and consistency in finding
solutions

Dealing with scheduled time for searching literature for various
disciplines, socially engaging with peers to recognize similarities in
perceptions and experiences, dealing with lack of time in doing
interdisciplinary research, socially engaging with teachers to receive
feedback on being on the ‘right’ track or not, dealing with the time
needed to understand different viewpoints held by others, socially
engaging with others to share the taken approach, arguments, and
decisions, interacting with literature to reach balanced disciplinary
overviews, spending time on reviewing and finding arguments to
construct a solid argument

Figure 6.4 Extended model of learning dimensions for IDT learning with respect to key learning
experiences identified (study III)

Based upon the main results of chapter 5 (Table 5.2), the original learning model of Illeris
(see Figure 1.3) can be extended. Figure 6.5 presents the extended learning dimensions model
for IDT learning with respect to the identified typical challenges (Table 5.2). As can be
derived from Figure 6.5, a typical content-related challenge is ‘analysing the complex
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problem situations by viewing the multiple perspective in an appropriate manner’, a typical
incentive-related challenge is ‘coping with the uncertainty of selecting and categorizing the
disciplinary knowledge’, and a typical interaction-related challenge is ‘finding relevant
literature per discipline for the particular research phase’. Considering the typical challenges
as presented in Figure 6.5, it can be reasoned that once engineering students, engaged in
solving complex problems in an interdisciplinary manner, are able to cope with these
challenges, their IDT learning processes and outcomes would be better.

SOCIETY

Typical challenges for the
content dimension:
- Analysing the complex
problem situations by
viewing the multiple
perspectives in an
appropriate manner
- Linking, connecting, and
integrating the disciplinary
knowledge in reasonable
combinations
- Maintaining an appropriate
balance between the
disciplinary knowledge
elements in number and
specificity

Typical challenges for the
incentive dimension:
INCENTIVE

CONTENT

- Coping with the
uncertainty of selecting
and categorizing the
disciplinary knowledge

INTERACTION

Typical challenges for the interaction
dimension:
- Finding relevant literature per discipline
for the particular research phase
- Managing time between researching the
relevant disciplines

Figure 6.5 Extended model of learning dimensions for IDT learning with respect to typical learning
challenges (study IV)
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The hypotheses of this thesis research referred to the application of two theories (see chapter
1.4). The first hypothesis referring to the application of the constructive alignment theory of
Biggs and Tang (2007, 2011) is ‘This constructive alignment theory is suitable to identify
design criteria for interdisciplinary learning environments’ and has been accepted by this
thesis research (see chapters 2 and 3). The second hypothesis referring to the application of
the learning theory of Illeris (2007, 2011) is ‘This learning theory is suitable to characterize
the learning of IDT in HEE’ and has been accepted by this thesis research (see chapters 4 and
5). Needless to say, the present thesis research design did not embrace studies to test the
counterpart.

6.3

Integration of teaching and learning results

The integration of the teaching and learning results, as described in chapter 6.2, led to the
identification of IDT teaching and learning aspects that may need to be taken into account in
HEE. Figure 6.6 shows the developed conceptual framework representing these aspects. Of
central in this conceptual framework are the short-term learning processes on IDT leading to
IDT learning outcomes to be achieved by engineering students (chapter 3), and leading to the
acquisition of IDT sub skills to be learnt by engineering students (chapter 2). The upper
section of the conceptual framework represents the results of the teaching-focus of the present
thesis research (chapters 2 and 3). For example, the parts of education practice, that is
‘teaching’, ‘learning’, and ‘assessing’, are displayed. The lower section of the conceptual
framework represents the results of the learning-focus of the present thesis research (chapters
4 and 5). For instance, the processes of learning, that is ‘content, ‘incentive’, and ‘interaction’,
are presented. On the left hand side of Figure 6.6, the results on the student factors (chapter 2)
that may foster the IDT learning processes are represented.
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TEACHING –ROUTE 1: instructional design guidelines for learning environments
Assessing student work

Student
Personal
characteristics
Curiosity
Respect
Openness

Teaching

Learning

Assessing

Enabling conditions

Enabling conditions

Enabling conditions

Intellectual community focused
on interdisciplinarity; expertise
of teachers on interdisciplinarity;
consensus of interdisciplinarity;
team development; team
teaching; pedagogy aimed at
achieving interdisciplinarity,
active learning, and collaboration

Phased with gradual
advancement; linear; iterative;
milestones with encountering
questions; learning activities
aimed at achieving
interdisciplinarity, and aimed at
achieving reflection

Assessment of students’
intellectual maturation;
assessment of interdisciplinarity

Design criteria

Design criteria

Design criteria

Learning within an
interdisciplinary framework;
learning via a step-by-step
roadmap; receiving cognitive
guidance; receiving examples to
familiarize oneself

Engaging in a range of
disciplinary perspectives;
conducting disciplinary
knowledge integration a number
of times

Determining concrete
improvements; tackling difficult
issues during learning activities

Diligence

Short-term learning processes on interdisciplinary thinking

Identifying the
disciplinary causes
for the complex
problem
Creating the
interdisciplinary
argument in support
of the best solution
for the complex
problem

Subskills

Prior
experiences
Social
Educational

Applying the
interdisciplinary
framework to the
complex problem
Constructing the
interdisciplinary
research instrument

Patience

Self-regulation

Learning
outcomes

Content

Incentive

Interaction

Learning experiences

Learning experiences

Learning experiences

Understanding how to apply
theoretical models or concepts to
real-world situations; becoming
aware of disciplinary
contributions to the analysis of
complex problems; developing
searching skills for acquiring
disciplinary knowledge;
designing conceptual models
representing disciplinary
interrelationships; realizing the
essence of all interdisciplinary
research steps to be taken;
recognizing changes due to
advanced insights into the
interdisciplinary research;
recognizing that answers can be
based upon various uses of
disciplinary knowledge;
understanding the logic of
interdisciplinary research and the
pitfalls involved

Frustrations in selecting and
matching disciplinary knowledge
to complex problems; feeling
ambiguous about not having a
clear view on how to frame
complex problems; irritation at
the lack of disciplinary
knowledge to analyse complex
problems; struggling to put
different knowledge elements
together in a meaningful way;
facing challenges in getting the
exact information to diagnose
complex problems; feeling
relieved at what has been
achieved compared to the
intensive efforts; mixed feelings
about the integration of
disciplinary solutions into one
solution; feeling happy about the
systematic manner and
consistency in finding solutions

Dealing with scheduled time for
searching literature for various
disciplines; socially engaging
with peers to recognize
similarities in perceptions and
experiences; dealing with lack of
time in doing interdisciplinary
research, socially engaging with
teachers to receive feedback on
being on the ‘right’ track; dealing
with the time needed to
understand different viewpoints
held by others; socially engaging
with others to share the taken
approach, arguments, and
decisions; interacting with
literature to reach balanced
disciplinary overviews; spending
time on reviewing and finding
arguments to construct a solid
argument

Learning challenges

Learning challenges

Analysing the complex problem
situations by viewing the
multiple perspectives in an
appropriate manner; linking,
connecting, and integrating the
disciplinary knowledge and
practical information in
reasonable combinations;
maintaining an appropriate
balance between the disciplinary
knowledge elements in number
and specificity

Coping with the uncertainty of
selecting and categorizing the
disciplinary knowledge

Learning challenges
Finding relevant literature per
discipline for the particular
research phase; managing time
between researching the relevant
disciplines

Assessing student competencies

TEACHING –ROUTE 2: learning process characteristics to tailor the teaching

Figure 6.6 Conceptual framework on teaching and learning aspects for IDT
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Having
knowledge
Having knowledge
of disciplines
Having knowledge
of disciplinary
paradigms
Having knowledge
of
interdisciplinarity

Having skills
Higher-order
cognitive skills
Communication
skills
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In order to enhance short-term learning processes on IDT, teachers in HEE can follow two
different teaching-routes (see Figure 6.6). The first teaching-route is designated to design and
to keep a learning environment that fosters IDT learning processes leading to student work
with specific IDT outcomes. By way of example, the design criteria with respect to the
learning part of the ’engagement of students in a range of disciplinary perspectives’ would
likely foster IDT learning processes leading to student work with specific IDT outcomes. The
second teaching-route is designated to guide the learning by students to foster IDT learning
processes leading to the development of the IDT subskills. To illustrate, pedagogical support
of the learning processes characteristics on the incentive dimension of ‘frustrations in
selecting and matching disciplinary knowledge to complex problems’ would likely contribute
to the enhancement of student IDT learning processes, leading to the development of the IDT
subskills. The difference between these two teaching routes is that the first teaching-route
involves the learning environment affecting student learning and the second teaching-route
involves the student learning itself.
During the short-term IDT learning processes, it seems that teachers in HEE need to
alternate between these teaching-routes while continuously diagnosing the student learning
outcomes and subskills development. For example, a student report can be assessed by a
teacher who provides, handwritten or typewritten, feedforward support to the student. While
discussing this feedforward support to the particular student in a teacher-student chat, the
teacher needs to diagnose the current developmental stage of the IDT subskills to determine
whether the student is able to address the raised feedback. It is hypothesized that by switching
between these teaching routes, teachers would provide the pedagogical support to students in
HEE to achieve the desired IDT learning outcomes. Logically, this switching between these
teaching-routes requires that teachers in HEE have an understanding of the pedagogical
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content knowledge for IDT as initially gained in this thesis research, and that they are able to
demonstrate this particular kind of knowledge.
The developed framework (Figure 6.6) centralizes the student learning processes. In
particular, it centralizes the learning processes of typically problem-focused interdisciplinary
research as described by Lyall et al. (2011). The centralization of student learning processes is
novel compared to existing instructional design models, such as that of Van Merriënboer
(1997), that majorly focus on the design of learning environments. The centralization of
student learning processes is also novel to related pedagogies, such as that of Repko et al.
(2014) and Hursh et al. (1983), that majorly focus on the conduct of the interdisciplinary
research process.

6.4

Research limitations

Several research limitations affected the development of the initial basis on the pedagogical
content knowledge for IDT as schematically represented in Figure 6.6. It is difficult to
estimate the impact of each of these limitations on the identification of the teaching and
learning aspects.

6.4.1 Use of theoretical perspectives
The use of theoretical perspectives provided focus to the identification of teaching and
learning aspects (Figure 6.6) and demarcated the research activities. The use of modelling for
theory building in qualitative research was described by Briggs (2007) as valuable method for
education. However, the focus hinders the inductive way of researching that may result in
discovering teaching and learning aspects outside the adopted theoretical perspectives,
because of the theoretical bias in approaching the research object and the data (Hsieh &
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Shannon, 2005). By way of example, the provided focus by the use of the constructive
alignment theory in the present thesis research may have led to a relatively more ‘passive’
embedding of the assessment part in the course design (Table 3.1), compared to the teaching
and learning parts, in enhancing the learning processes. It is therefore suggested to change the
wording of assessment in assessing (see Figure 6.6) to emphasize the feed forward purpose of
the assessing part, thereby providing an equal weight to the teaching, the learning, and the
assessment part in the enhancement of student learning processes.

6.4.2 Interdisciplinary and transdisciplinary research
The interdisciplinary and transdisciplinary research led to the identification of teaching and
learning aspects (Figure 6.6) which have their origin in disciplinary paradigms and education
practice. The novelty of this way of doing research necessitated to stick to the fundamental
science pillars of ‘logic’ and ‘facts’ as described by Luyten and Hoefnagel (1995). However,
the decision-making process in the present research was still complicated, because it was
experienced that the logic by taking one disciplinary viewpoint could be different from
another disciplinary viewpoint. Similarly, it was experienced that the logic from theoretical
perspective was different from practical perspective. In these cases, the approach of
pragmatism was often taken as suggested by Nuijten (2011). However, it can be questioned
whether the approach of pragmatism leads to repeatable research results. It is therefore
suggested to provide guidelines to educational psychologists that will facilitate the conduct of
inter- and transdisciplinary research in education.

6.4.3 Pioneering research work
The few available scientific literature, expertise, and experience on the teaching and learning
of IDT, as recently confirmed by Morrison (2015), resulted in frequently pioneering during
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the practise of this thesis research work. The few availability of scientific knowledge provided
the opportunity to make a contribution to the scientific field. On the contrary, it also meant
that the intended empirical validation of the found subskills of IDT and enabling conditions
across higher education (chapter 2) had to be postponed. Instead, an instructional design for
one course in FQM was developed (chapter 3) using the literature review insights gained. As
a consequence, the fundament of the developed framework (Figure 6.6) is, in fact, one casestudy which means an in-depth knowledge basis, instead of a wide knowledge basis by
examination of, for instance, multiple courses. To counter this limitation, a broad variety of
scientific publications and various disciplinary experts has been consulted during the research,
so that the framework can be considered as starting point for the further development of a
more generic framework in the future.

6.4.4 Dual focus on teaching and learning
The dual focus on teaching and learning was necessary to gain a comprehensive
understanding on the pedagogical content knowledge for IDT (Figure 6.6). This resulted in a
dual investigation on teaching and on learning with trade-offs on both sides. In turn, these
trade-offs led to results which are not always specific enough for the teaching and the learning
of IDT. For example, the enabling condition with respect to the learning part of ‘phased with
gradual advancement’ (see Figure 6.6) can likely be attributed to every complex cognitive
skill. It would be interesting to know what should be phased with gradual advancement
particular for the complex cognitive skill of IDT. Should the five subskills of interdisciplinary
be taught among engineering students one by one, or should all five subskills being taught at
the same time? In this research, it was chosen to teach all five subskills at the same time and
to create a linear and iterative pattern in the teaching of these five subskills to meet the other
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enabling conditions with respect to the learning part of ‘linear’ and ‘iterative’ as well (see
Figure 6.6).

6.4.5 Self-devised research methods
The self-devised research methods of studies II, III, and IV (see Figure 1.4) which were
embedded in the instructional course design resulted in naturally occurring data from
education practice. This naturally occurring data was in line with the adopted transdisciplinary
research approach and resulted in an ecological valid research context. However, the internal
validity of each self-devised research method, that is the extent to which the empirical
measures adequately reflect the real meaning of the concepts under study as defined by
Babbie (2010, p. 160), was not tested. Despite this lack of testing, it is still expected that the
internal validity of the research methods was sufficient to its purpose, because all students
reports were considered as plausible at first sight; after scrutiny of the reports, no ‘outliers’
could be identified. In addition, the self-devised critical appraisal form being used in the
literature review (chapter 2) comprised a general part based upon critical appraisal examples
as provided by, for instance, Gough et al., (2012) and a tailor-made part for the theoretical
purpose of the review study. The need for more validation of this research method is also
recognized.

6.4.6 Small size of data sets
Each study featured a relatively small size of data which has been qualitatively analysed via
the use of generally acknowledged handbooks (e.g., Miles et al., 2013). The qualitative
analyses were done as accurate as possible, being identified as most suitable for the particular
study to construct meaning of the data collected. Following the definition of Hsieh and
Shannon for qualitative content analysis (2005, p. 1278), it considers a subjective
interpretation of the content of text data through the systematic classification process of
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coding and identifying themes or patterns compared to quantitative data analysis. To counter
the subjectivity, the interpretations were multiply discussed with peers, tested in own teaching
practice, and were continuously evaluated as described by Postholm and Moen (2011) with
their research and development (R&D) model for the continuous improvement of education
practice. The relatively small data set of the FQM course seemed to be sufficient for its
purpose to start building theory on pedagogical content knowledge for IDT. However, this
theory building should be continued with larger data sets across HEE, and patterns should be
determined by means of a validated coding scheme as described by Schreier (2012).

6.5

Further research and implications

In extending the scientific research on the teaching and the learning of IDT, multiple research
directions could be identified. First, further development of the pedagogical content
knowledge for IDT, as represented in Figure 6.6, via research replication coupled with
experiments is recommended. For example, relationships between the teaching and learning
aspects, the learning processes, and learning outcomes should be investigated. Second,
empirical validation of the literature results (chapter 2) by, for instance, comparing and
contrasting various instructional designs, learning processes, and learning outcomes is
recommended. This could be done once the education practice shows relevant and comparable
cases. Third, extension of the design-based research approach, as recommended by Gouvea et
al. (2013), to continuously improve education practice on IDT. Fourth, instead of cohort
student analysis like being done for the present research, the individual student analysis of
learning challenges, strategies, and outcomes could be conducted to reveal individual patterns
of learning. Fifth, the analysis of learning activities to start understanding the subskills
development of IDT, thereby using the publication of Schwartz (2009) as starting point.
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Lastly, the elaboration of student-centred research with teacher-centred research (e.g., Pharo
& Bridle, 2012): “What do teachers experience as challenging in teaching IDT and what do
they perceive as contributing to their own learning processes and to the student learning
processes?” are interesting research questions.
The thesis results as schematically represented in Figure 6.6 suggest the importance of
(a) a joint focus of teaching and learning by teachers and designers of HEE to improve the
learning on IDT, (b) an understanding of the constructive alignment theory of Biggs and Tang
and the learning theory of Illeris by teachers and designers of HEE, (c) the realization of
consistent learning environments on IDT, in which students are triggered to develop IDT on
the highest level depending on their individual capabilities as claimed by Fischer (1980), and
(d) the realization of an integrated pedagogical support on IDT, in which students receive
guidance on the cognitive, emotional, and social processes during IDT learning.

6.6

Conclusions

The present research aim was to gain insight in the pedagogical content knowledge for IDT to
enhance student learning across HEE. This thesis concludes that the identified teaching and
learning aspects (Figure 6.6) involve an initial basis of the pedagogical content knowledge for
IDT, which needs validation across HEE. In addition, the present thesis research concludes
that the constructive alignment theory of Biggs and Tang and the learning theory of Illeris are
indeed suitable to develop pedagogical content knowledge for a particular complex cognitive
skill such as IDT (Figures 6.2 – 6.5). Furthermore, the present research concludes that the
research methodology of design-based research is beneficial to jointly investigate design
criteria and learning process characteristics (chapters 3 – 5).
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Interdisciplinary thinking (IDT) is of importance for engineers to analyse and solve complex
problems such as climate change and food quality management. The problem analysis and
solution development are done in collaboration with other engineers of different disciplines.
In this respect, the ability of IDT is required to connect the different disciplinary knowledge
in such a way that an advance in understanding occurs. Higher education in engineering
(HEE) teaches IDT among future engineers to prepare them to work in interdisciplinary
teams. However, a comprehensive understanding on the teaching and learning of IDT in HEE
is, to date, lacking. This thesis contributed to the research of teaching and learning of IDT in
higher education by investigating the teaching and learning aspects that may need to be taken
into account to teach future engineers IDT with respect to complex problem solving.
In chapter 2 scientific literature on teaching and learning of IDT was systematically
reviewed. In this respect, a search strategy and critical appraisal form were developed. In
critically analysing the selected 13 publications, five main sub skills of IDT were identified:
‘having knowledge of disciplines, having knowledge of disciplinary paradigms, having
knowledge of interdisciplinarity, higher-order cognitive skills, and communication skills’. In
addition, 26 main enabling conditions for the development of IDT could be identified for
eight different categories of conditions: ‘personal characteristics, prior experiences,
curriculum, teacher, pedagogy, assessment, pattern, and learning activities’.
Chapter 3 described the development and implementation of a constructively aligned
design in the interdisciplinary field of food quality management (FQM). The design was
chiefly based on the constructive alignment theory of Biggs and Tang (2007, 2011), the
systematic review on teaching and learning of IDT in higher education, and the course content
for FQM. The implemented course design was evaluated with a design-focused evaluation
among the participating students. The student perceptions showed that the implementation of
the constructively aligned design seems to be adequate for the redesigned FQM course in
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enhancing the IDT teaching and learning. Eight key design aspects were identified: ‘learning
within an interdisciplinary framework, learning via a step-by-step roadmap, receiving
cognitive guidance, receiving examples to familiarize oneself, engaging in a range of
disciplinary perspectives, conducting disciplinary knowledge integration a number of times,
determining concrete improvements, and tackling difficult issues during learning activities’.
In chapter 4 the learning processes of 30 students engaged in the newly designed FQM
course were analytically characterized. In this respect, the learning theory of Illeris (2002,
2007) was identified as having the potential to characterize these learning processes. Illeris’s
theory has an integrated viewpoint to learning in terms of three interrelated dimensions:
content, incentive, and interaction. A journaling activity was embedded in the instructional
design leading to 150 reflective journals with, in total 615, positive and negative experiences.
The results showed that the learning processes can be divided into the content (194 out of 615
experiences), incentive (214 out of 615 experiences), and interaction (207 out of 615
experiences) dimensions. Twenty-four key learning experiences such as ‘becoming aware of
disciplinary contributions to the analysis of complex problems’ were identified for IDT
learning with respect to complex problem solving in FQM.
Chapter 5 described the analysis of learning challenges, student strategies, and
outcomes of the newly designed FQM course. For the analysis of learning challenges and
student strategies, the learning dimensions of Illeris (2002, 2007) were used and for the
analysis of learning outcomes, the concepts underlying the research principles in FQM of
Luning and Marcelis (2006, 2009b) were used. Two journaling activities were embedded in
the instructional design, one journaling activity during the learning to collect data on learning
challenges and strategies, and one journaling activity at the end of the course to collect data
on the learning outcomes. Six typical challenges for all three dimensions were identified. The
results also showed that students tend to report more on the content-related and interaction-
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related challenges than on the incentive-related challenges. Additionally, students tend to
report more on the disciplinary knowledge connections technological conditions–human
dynamics and technological conditions–administrative conditions than on the food dynamics–
human dynamics and food dynamics–administrative conditions in the FQM course.
In chapter 6 the integration of the gained teaching and learning results, described in
chapters 2 – 4, led to the advancement in understanding on the teaching and learning aspects
that may need to be taken into account in order to teach engineering students IDT with respect
to complex problem solving. To this end, the used teaching and learning models were
extended and merged into one conceptual framework showing two teaching-routes with
aspects related to the learning environment (teaching-route 1) and with aspects related to the
learner (teaching-route 2). The thesis results suggest the importance of (a) a joint focus of
teaching and learning, (b) an understanding of the constructive alignment theory of Biggs and
Tang and the learning dimensions of Illeris, (c) the realization of consistent interdisciplinary
learning environments, and (d) the realization of an integrated pedagogical support to IDT
learning. This thesis concludes that the identified teaching and learning aspects involve an
initial basis of the pedagogical content knowledge for IDT, which needs validation across
HEE.
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