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Abstract

Despite increasing attention and calls for transdisciplinary (TD) working in engineering, a lack of clarity surrounding what
constitutes a TD research approach persists. This paper aims to reduce ambiguity by characterising TD and identifying when the TD
approach should or should not be used. Specifically, the research answers the question: when might it be beneficial to take a TD
rather than a single, multi or interdisciplinary research approach? Survey responses from twenty-eight authors (50%) who presented
papers at the 28" ISTE International Conference on Transdisciplinary Engineering (TE2021) were qualitatively analysed. Findings
show a TD approach to research is beneficial for complex problem-solving. New understanding reveals that TD could be used to
evidence scientific and social impact, and that context determines the appropriateness of TD adoption. However, even where TD
adoption is deemed appropriate, institutional barriers to adoption may exist. In other words, the work environment (culture) in which
we do our research, may determine if any meaningful benefits from TD are, or are not realised. Lessons from engineering education
are used to discuss how to institutionalise TD, future transdisciplinary engineers and researchers might be taught and socialised in the
competencies needed for transdisciplinary research.

Keywords: transdisciplinarity, transdisciplinary, transdisciplinary engineering.

1. Introduction

Society is facing complex challenges, from the impact of changing weather patterns on food production to migration to
renewable energy sources and global health management (Scholz, 2020; United Nations, 2022; Gollakota and Shu, 2022).
These problems are interconnected and span multiple boundaries, to seek effective solutions researchers must consolidate
different organisational and academic disciplines (Hirsch et al., 2008; Hyun, 2012). Within the literature there are different
types of disciplinary working (Wognum et al., 2018), to achieve collaboration the adoption of a transdisciplinary (TD)
approach to research, where people from different disciplines openly exchange ideas, is required (Hyun, 2012).

Within engineering, collaboration between disciplines supports long-standing commitments being made by industry
towards sustainable development (UK Research Innovation Council, 2020; European Commission, 2021; Broo et al.,
2022). In “Industry 4.0” TD research approaches were utilised to address socio-technical concerns (Hyun, 2012). Currently
in “Industry 5.0” cyber and physical systems are intertwining, meaning that future products are designed and developed in
seemingly transdisciplinary environments (Broo et al., 2022). As such, the distinction between traditional disciplines, such
as mechanical, electrical and computer engineering, is narrowing (Broo et al., 2022). Nonetheless, terms of inter-, multi-
and transdisciplinarity are often used interchangeably (Lattuca & Knight, 2010), potentially compromising the
effectiveness of an actual TD approach.

Despite interest in TD ways of working, TD research approaches continue to be understudied and within the literature,
the meaning of inter-, multi-, and transdisciplinarity lack clarity. Disagreement exists regarding which specific
characteristics of transdisciplinarity distinguish it from the other disciplinary approaches (Pohl, 2011; Wognum et al.,
2018). Theoretically, a lack of consistency regarding exactly what constitutes a TD approach to research means the impact
of TD in comparison to “competing” approaches cannot be assessed (Wognum et al., 2018). In practice, it is challenging to
introduce TD research in engineering. A mismatch occurs between the uncertainty regarding terms that underpin the TD
research approach and the principles of accuracy and precision underpinning engineering specialisms (Menoni, 2006;
Kollman & Ertas, 2010; Leach & Rogers, 2010).
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Characterising the transdisciplinary research approach

To understand what distinguishes TD from other disciplines a coherence in knowledge is needed (Ramadier, 2004;
Faulconbridge, 2010). Only then can we determine when and where TD is used, as well as its impact in comparison to the
other disciplinary approaches (Lattuca & Knight, 2010; Faulconbridge, 2010; Taajamaa et al., 2013; Wognum et al., 2019).
This paper aims to provide coherence by identifying the predominant characteristics of TD. To achieve this aim, the
literature on TD definition and characterisation is first examined to gain clarity of meaning. Then, utilizing a survey, expert
opinion was captured by asking: when might it be beneficial to take a TD rather than a single, multi or interdisciplinary
research approach?

This paper is structured as follows: the literature associated with TD is investigated, including TD within the
engineering context (Section 2); the data collection and analysis methods are described (Section 3); findings are presented
and evaluated in the light of the existing literature (Section 4); lessons from engineering education are applied to discuss
how TD can be institutionalised by developing a tradition and culture in higher education (Section 5); conclusions are
formulated and future work proposed (Sections 6 and 7 respectively).

2. Literature

The term “transdisciplinary” was coined at an Organisation for Economic Co-Operation and Development (OECD)
conference in France on interdisciplinary teaching and research (Klein, 2003; Taajamaa et al., 2013; Tejedor et al., 2018).
A paper by the author, Jean Piaget, which initially conceptualised interdisciplinary and transdisciplinary was presented at
the OECD conference, giving the theoretical groundwork for Jantsch, who after receiving the paper built upon Jean
Piaget’s work. The definition of TD provided by Dr Erich Jantsch’s work: “The coordination of all disciplines and
interdisciplinary in the education/innovation system based on a generalized axiomatics (introduced from the purposive
level) and an emerging epistemological pattern” (Jantsch, 1972), underpins the theoretical development of this paper.
Although inspired by Jean Piaget’s work, Jantsch is critical of the stratified system which Piaget (1972, p. 17) describes,
whereby science is elevated without purpose; instead, Jantsch holds quite the opposite belief: proposing that systems are
dependent upon the purpose attached to it, which comes from individuals’ values. Jantsch goes on to criticize Piaget’s
understanding of science as a rigid property, by asserting that such views are too mechanistic. Jantsch, on the other hand,
accepts science in its constrained positivistic sense by acknowledging the advantages of rigidity found in lesser levels of
coordination. Jantsch (1972, p. 19) thought that the scientific realist approach produces a conflict with relativist
perspectives in social systems at higher levels of coordination when various disciplines collaborate. In opposition to Piaget,
Jantsch notes that universities often try to orientate towards rigid models of society and that such a static view is “out of
tune” with the world and cultural patterns of today (Jantsch, 1972, p. 9, 10). Jantsch proposes embracing the evolution of
the non-linear. Societies, cultures and institutions should not be forced into linear systems in which they do not fit. Instead,
Jantsch tries to get rid of this linear mechanistic view of ‘levels’ and speaks of innovating education: changing the system
itself to accommodate non-linear reality.

Jantsch identifies two barriers to inter- and trans-disciplinarity. The first is the rigidity of disciplines, where disciplinary
concepts and axioms from the lower levels anchor individuals in current knowledge, preventing them from learning from
others, and the second is the application of these axioms (a statement that is taken to be true) to higher levels. He suggests
that while attempting to work at “higher” integrative inter- and trans-disciplinary approaches, holding mono-, multi-,
plural-, and cross-disciplinary notions as true, might result in barriers. He proposes the system parties focus on a shared
purpose and agreed on axioms so that the system can move toward a state of coordination, despite the parties holding
different ontologies and epistemologies. Coordination for Jantsch was the development of education integrating the
scientific-technical and psychosocial sides of the education/innovation system.

The TD approach is complex and dynamically changing, requiring continuous self-renewal of human capabilities
(Jantsch, 1972). Therefore, Jantsch proposes that TD should emerge from the purposive level. One must learn to know, do
and be simultaneously; thus, creating a space in which open unity and complex plurality exist mutually (McGregor, 2004).
To expand on McGregor (2004), essentially to achieve a TD state, openness to all realities as they appear is essential.
Moving into new intellectual spaces requires us to understand fundamental differences in ontologies and epistemologies;
whilst at the same time comprehending that this understanding does not have to lead to, or be coupled with, conflict or
tension (McGregor, 2004).

After Jantsch’s and Piaget’s papers, little progress was made in TD theory and the term was not heavily cited until the
1990s when the use of transdisciplinarity to address complexity arose during climate change conversations (Bernstein,
2015; Repko, 2009). At this time two TD discourses emerged: the Nicolescuain and the Zurich schools of thought
(Pasquier & Nicolescu, 2019).
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Characterising the transdisciplinary research approach

The Nicolescuain School conceptualised TD through complexity science (Lattanzio et al., 2021). To demonstrate the
connections between quantum physics and the school's aim for a “unity of knowledge” (McGregor, 2015), the example of
light can be used. Light exists in dual realities, behaving as a particle and a wave or both. Similarity is found in the
appearance of TD in the concept of uni-duality. In mono-disciplinary approaches, we learn about individual elements,
which are appropriate to specific problems, but we know less about the whole (Ertas et al., 2003; Leach & Rogers, 2010;
Wognum et al., 2019). Inter- or multi- may capture interactions between parts, but miss the global view, the uni-multiplex
which tells us of the system (Anselmo, 2018). TD is the ability to understand the language and culture of other disciplines.
This is more than communication; it is a unity of knowledge as we need to know both the overlapping and the non-
overlapping aspects of each disciplinary approach; what is essential is not just the unity of knowledge but the coherence of
it (Ramadier, 2004).

The Zurich school arose from a conference in March 2000 (McGregor, 2015). Encompassing notions of practicality, the
Zurich School conceptualizes TD research and knowledge generation as developed from and focused on real-world
problems (Hollaender et al., 2008; McGregor, 2015; SCnat Knowledge, 2022). The Zurich school promoted the work of
Gibbons et al. (1994), who discerned a distinction between fundamental research motivated by the development of
scientific knowledge within disciplines (Mode 1) and research motivated by real-world problems (Mode 2) (Gibbons et al.,
1994). TD may be characterized as Mode 2, as research is carried out within the applications context, knowledge is
generated because of problem-solving (Lattanzio et al., 2020).

In the early 2000s, TD approaches to research were recommended to enable the management of rapid developments in
technology occurring at the time, work on introducing TD models began by Ertas in engineering education (Ertas et al.,
2000, 2003). Transdisciplinary engineering (TE) focuses on fusing science and management concepts to create a unified
transdisciplinarity entity for engineering design (Ertas et al., 2000). To enable the engineering workforce to perform
increasingly complex tasks of synthesis, engineers' cognitive and perceptual capabilities should facilitate the development
of T-Shaped skills (Noor, 2012), i.e. skills which encompass depth and breadth of subject matter simultaneously.
Expectations from accreditation boards for Engineering and Technology honour this shift, demanding graduates who are
better trained in interpersonal skills such as globalization, communication, and leadership (Plumblee et al., 2012; Royal
Academy of Engineering, 2022).

2.1. Characterising transdisciplinarity

The terms inter-, multi-, and TD are employed by many authors, but perceptions and understanding of what constitutes
approaches may differ (Pohl, 2011; Renn, 2021). To address the challenge, Carew & Wickson (2010), identified
characteristics of TD from research in the literature (Table 1). The authors compartmentalize TD as a construct, breaking it
down characteristically. In this paper, we draw on Ertas (2010), whose language aligns with engineering, and Pohl (2011)
who proposed four main features of TD research in his “approachology” (Table 1).

Table 1. Characteristics of transdisciplinarity.

Characteristic Carew & Wickson (2010) Ertas (2010) Pohl (2011)
Involvement of Various Eliminates disciplinary boundaries for Particinatory research
Stakeholders strong collaboration patory

Redefines boundaries by bridging between

Transcendence and Transcending and . . . . Transcending and integrating
. . . natural science, social science, humanities, R .
Integration integrating . . disciplinary paradigms
and engineering
Problem Solving Practical problems, U eif shareq concepts, frame\yorks, ks, . . .
e . . methodologies, and technologies to solve Relating to socially relevant issues
Capability problem orientation

common unstructured research problems

Shared common conceptual frameworks,
Unity of Knowledge Evolving methodology tools, methodologies and tools leads to the Searching for a unity of knowledge
development of new knowledge
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We further explain the characteristics in Table 1:

1. Involvement of Various Stakeholders: “Various stakeholders” refers to the inclusion of stakeholders from different
academic disciplines, social sectors and non-academic professions (both private and public) for the reorganization of
knowledge towards socially relevant issues (Pohl, 2011; Klein, 2003).

2. Transcendence and Integration: Transcendence in TD occurs when dynamic frameworks enable collaboration
between hybrid actors (Carew & Wickson, 2010). Collaboration is evident in multidisciplinary and interdisciplinary
research but does not reflect the search for mutual understanding amongst stakeholders inherent in TD approaches
(Faulconbridge, 2010; Rasmussen et al., 2010; Schikowitz, 2021). Integration in TD occurs when researchers conduct
research that crosses and integrates disciplinary paradigms to solve societal challenges rather than just academic ones
(Pohl, 2011).

3. Problem-Solving Capability: The ability to solve complex societal problems is an accepted characteristic of TD (Carew
& Wickson, 2010; Tejedor et al., 2018). Of the disciplinarities, only TD is proposed as suitable for dealing with society's
complex and multidimensional challenges (Kollman & Ertas, 2010; Wickson et al., 2006; Tejedor et al., 2018). Neither
mono-, inter- or multi-approaches foster the collaboration and synthesis required to generate boundary-crossing
solutions to complex large-scale challenges (Ertas, 2018). The increasing importance of investment into ethical artificial
intelligence (AI) exemplars such characteristics. Where practical problem-solving enables transdisciplinary
collaboration to bridge the gap between idealised principles of Al morals as they appear in published papers to the
existence of principles in reality (Borg, 2021).

4. Unity of Knowledge: similar to transcendence, knowledge unity aims to produce societally useful knowledge (Pohl,
2011). The distinction discerned here is that whilst transcendence focuses on producing societally relevant knowledge
through people-centricity (ie integration, collaboration, individuals, and teams). Unity of knowledge focuses on the
reorganisation of academic knowledge to make it useful for addressing socially relevant issues (Pohl, 2011).
Understanding “what” and “why” characterises the unity of knowledge. TD generates knowledge across disciplines
(Pohl, 2011) and inherently there cannot be a single research technique (Augsburg, 2014). Actors share understanding
through knowledge frameworks that exist in boundary-less systems where disciplinary barriers are removed (Piaget,
1972), allowing techniques to be tailored to the environment and challenges (Wickson et al., 2006).

More recently, work in sustainable development and policy, has created further understanding as to what comprises a
TD research approach by generating new characteristics see: (de Jongetal., 2016; Lawrence et al., 2022). Authors
publishing between 2019-2022 provide double the number of characteristics that were originally presented by Wickson and
Carew in 2007. Although this develops the context of TD, it provides problems for cohesiveness. Perhaps TD’s true
meaning is being elaborated with time (Nicolescu, 2002). This is evidenced when reviewing the most recent UK
Governments scientific toolkit (Government Office for Science, 2017) and UK Research Innovation and Development
roadmap (HM GOV, 2020). Although the general policy environment does not explicitly use the word TD,
interdisciplinary is frequently used to describe approaches that are more of a TD nature.

Having summarised the characteristics of TD, we utilise these to analyse expert answers to our research question: when
might it be beneficial to take a TD rather than a single, multi or interdisciplinary research approach?

3. Method

Research began with a literature review that identified ambiguity in terminology and characteristics employed to define
TD. The work of Carew & Wickson (2010), Ertas (2010) and Pohl (2011) was identified as providing clear definitions of
TD characteristics. These characteristics were used to construct a theoretically grounded analytical framework, which was
used to analyse textual data. Data came from a survey of twenty-eight authors presenting papers at The 28" ISTE
International Conference on Transdisciplinary Engineering (TE2021). The survey captured expert opinion from those with
expertise in TD engineering by asking: “When might it be beneficial to take a TD rather than a single, multi or
interdisciplinary research approach?”. Responses were received via email. To preserve anonymity and help remove bias
responses were copied and personal details removed, with each response given a sequential number. To identify when TD
as a research approach should or should not be used, text responses were analysed using the thematic qualitative analysis of
Braun & Clarke (2006) undertaken in six steps (Table 2).
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Table 2. Phases of thematic analysis adapted from (Braun & Clarke, 2006).

Stages Description

LTSt ol uiin s Reading and rereading the data and noting down initial ideas

data
L Coding interesting features in a systematic fashion across the entire dataset;
2 Generating initial codes .
collating the data relevant to each code
3 Szt o e Collating codes into potential then}es; gathering all data relevant to each
potential theme.

. Checking if the themes work in relation to the coded extracts and the entire

4 Reviewing themes
dataset.

5 T5eftittngs s s s Ongoing analysis to refine the specifics of each theme, and the overall story the

analysis tells, generating clear definitions and names for each theme.

The final opportunity for analysis. Select vivid, compelling extract examples,
6 Producing the report final analysis of selected extracts, relating analysis back to research question and
literature, produce a scholarly report of the analysis.

To begin with, a single researcher (the corresponding author) conducted a deductive analysis. With the research question
in mind, literature was examined, and all quotes were coded thematically against the characteristics of TD (Table 1). Then,
an inductive procedure was conducted to avoid logical fallacy: i.e., to not force an answer out of the data. With no
reference to literature, the researcher re-examined the data and clustered it according to how themes existed in the data set
alone. Conducting both inductive and deductive procedures creates an adductive approach, allowing comparison of both
categorisation's results, thus confirming the validity of findings. New areas, not highlighted by the deductive approach,
arose during the inductive enquiry. In this analysis, the dominant thesis of each respondent is reported in form of
characteristics to place focus on differences and similarities in individuals' core understanding of the application of TD.

4. Results and discussion

Results from the analysis of expert comments nearly all matched characteristics from the literature (Table 1). One
respondent (#22) is an exception (see Table 3), as the response cannot be neatly classified into either 1-4 characteristics.
Respondent (#22) is not excluded from the study, rather their response is expanded on, in full, in section 4.5 of the paper.
In addition, although respondents (#12) and (#23) comments are included in the Problem-Solving Capability characteristic,
both outwardly noted on the utilisation of TD in engineering research for evidencing scientific and social impact. This is a
notion which is generally raised when looking inward on the examination of TD. Although this differed slightly from the
rest of the group’s responses, the perspective did not present such a degree of indifference that it justified the creation of
another respondent grouping. The results and their link to specific characteristics are now discussed in turn in order of
congruence as can be seen by the distribution of the respondents’ comments in Table 3.

Table 3. Distribution of respondent's congruence with TD characteristics.

Characteristic Frequency Percentage
1) Problem Solving Capability 12 42.8%
2) Involvement of Various Stakeholders 6 21.4%
3) Transcendence and Integration 6 21.4%
4) Unity of Knowledge 3 10.4%
5) Institutional Challenge 1 3.5%
Total: 28 100.0
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4.1. Problem solving capability
In total, 12 respondents focused on the benefits of a TD approach when complex problems need to be addressed. The
‘problem solving’ characteristic provided the greatest consensus of the four characteristics.

Modern problems are complex and permeate different fields. Thus, by adopting a transdisciplinary approach, it is expected that
merging various knowledge improves the chances of finding better solutions. (Respondent #18).

In this theme, sub-themes emerge; Carew & Wickson’s (2010) focus on “practical problems” appeared frequently as
responses emphasised the real-world application of TD research.

1 think that TD research should be grounded to solve practical problems. (Respondent #15).

1t is far too easy to believe that a problem is sufficiently defined when starting for example a product design process and
staying within one or two disciplines....I learned an immense amount about the complexity that comes with real-world
scenarios. (Respondent #5).

The engineering community primarily recognises the usefulness of TD from its practical applicability to complex issues.
This finding supports the literature, were, to address the requirements for the inclusion of different viewpoints, authors propose
complex challenges are best tackled through transdisciplinarity (Kollman and Ertas, 2010; Burritt and Schaltegger, 2014).

Whilst relevance is core to the responses, a new prominent sub-theme emerged; the utilisation of TD in research for impact.

TD engineering is needed, to evaluate the social and environmental impact of the introduction of technology, to innovate more
diversified convenient technology through cooperation and comparison with other fields in the globalisation. (Respondent #12).

TD engineering is most powerful in solving complex problems, where the impact of disciplinary-based decisions on the solution
cannot be determined or assessed. (Respondent #23).

The words “evaluate” and “assess” in the excerpts above, show how TD research could be used to evidence scientific
and social impacts (Ertas, 2010; Sakao, 2019). As engineers consider not just the local, but also the global impact of their
research before it is undertaken, they are perhaps more likely to adopt transdisciplinary approaches to their work
(Garcia et al., 2012). Further, the impact from research is of increasing importance in the UK as it is linked to university
funding (Research Excellence Framework, 2018) which has interest in TD approaches.

4.2. Involvement of various stakeholders

Six respondents focused on the need for TD engineering when researchers work with external partners. Researchers
recognized they required input from that outside of academia to better understand systems and the social implications of
their work.

TD research is necessary when you require integration of knowledge from industry, communities, regulators or other
stakeholders to understand the system. (Respondent #1).

TD engineering is needed in situations where an engineering solution will have a large impact on the social context in which
the solution is to be used. The stakeholders of this context [a city, a large multi-site, multi-national company, a country, the
environment, etc] need to be involved in the solution development process. (Respondent #2).

The need for a TD approach would be when there are any wide-reaching societal implications that may arise from any
engineered solution. (Respondent #4).

Findings for stakeholder involvement reflect the literature's consensus on including numerous parties in the TD research
approach (Carew & Wickson, 2010). Transdisciplinarity, unlike interdisciplinarity, crosses both disciplinary and societal
boundaries by including stakeholders from both the private and public sectors in the development of understanding of
socially relevant issues (Repko, 2009; Pohl, 2011).

4.3. Transcending and Integration

Six participants perceived TD as a beneficial approach to adopt when established engineering boundaries need to be
transcended. Specifically, experts highlighted TD as suitable to span established boundaries of engineering disciplines for
innovation.
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TD research becomes more beneficial when there is a need for knowledge transfer beyond the boundaries of different
disciplines. (Respondent #17).

A transdisciplinary approach enables a proposal of solutions that transcend the borders and interfaces of the disciplines
represented in the team, thus, providing a new view of the problem solving and thus new innovative solutions. (Respondent #27).

Boundary spanning is not seen as adversarial, rather TD is a distinct approach that complements rather than competes
with other disciplinary approaches (Balsiger, 2004). TD engineering provides a way to overcome the limitations of inter- or
multidisciplinary methods (Peruzzini et al., 2020). Discipline transcendence is required for knowledge integration, which
takes TD beyond other forms of disciplinarity:

[...] transdisciplinary goes beyond inter-disciplinary which working together with several disciplines and other external
stakeholders. It will be beneficial, especially to address complex problems. Transdisciplinary will solve that kind of problem by
integrating a broad set of knowledge for practical problems. (Respondent #24).

4.4. Unity of knowledge
Three academics noted that TD as a research approach is beneficial when the unity of knowledge is needed to integrate
various disciplines for a specific outcome.

We believe that a TD approach is a beneficial approach, rather than others when there is more than a field of knowledge that
has to be studied to obtain a satisfactory result (Respondent #11).

Each domain [or discipline] offers formal elements within the approach of another discipline, without compromising its
principles, formal aspects, guidelines, components, and artefacts (Respondent #19).

This understanding reflects notions in the general literature of going beyond the disciplines to generate knowledge
(Pohl, 2011).

4.5. Institutional challenge
Whilst the rest of the group discussed the appropriateness of TD as directly applied, Respondent #22 discusses the
environment of TD engineering projects that enables (or prevents) the approach from being beneficial:

The problem of changing the approach does not lie in the realisation of the benefits, but the organisational change of the
project environment, allowing for the transition to other acceptable procedures. The term environment should be understood to
mean: regulations, certification bodies, design, research and production procedures design, research and testing means and
tools, etc. The potential benefits should be equivalent to or greater than the effort required to change the entire environment. It
is not always a matter of the individual willing to implement such changes. (Respondent #22).

The environment described refers to accepted customs - the process, policy and practice of the organisation. Single,
multi- or inter-approaches are established ways of thinking, that are well-defined, and accepted. The ability to change
established institutions may determine how the adoption rate and pathway of TD are to become (Mittelstrass, 2011).
Institutional work is defined as “[...] the purposive action of individuals and organizations aimed at creating, maintaining
and disrupting institutions” (Lawrence & Suddaby, 2006). For TD working to be selected and accepted as a working
practice, institutional work by a collective of individuals is required to challenge and change organisations. Additionally,
training in the TD perspective at the institutional level could support those wanting to actively work in a TD manner. What
the institutionalisation of TD looks like is a question raised by Mittelstrass (2011).

5. Further discussion

Institutional work requires dedication towards implementation, action to change the policy environment and training at
the institutional level. To achieve institutional work, TD education that establishes a common understanding needed to
work in a TD way is required (Bunders et al., 2010; Schikowitz, 2021).

5.1. Transdisciplinary education
Education can ensure that the institutionalisation of TD is built up through the creation of a tradition and culture of TD
in higher education, whereby, new researchers and transdisciplinary trainers of the future are educated and socialized in
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transdisciplinary competencies or “trans-scientific” skills that are necessary for transdisciplinary research
(Kastenhofer et al., 2003; Bunders et al., 2010; Hernandez-Aguilar et al., 2020).

The desire to develop skills for TD working is evident in engineering education, where advancements in sustainable
engineering have created an understanding and appreciation of transdisciplinary engineering and its subsequent education
(Tejedor et al., 2018; Newnes et al., 2020). Regarding skills development for transdisciplinary engineering, technical engineering
content is blended with the social sciences to develop “T-shaped” individuals, where the stem of the T refers to knowledge and
expertise in one or few fields, and the top relates to broad knowledge and interest in other fields (Oyinlola et al., 2018).

One way that skills development can be achieved is project-based learning, where individuals engage in cross-
disciplinary challenges embedded in professional issues (Noor, 2012; Bimpitsos and Petridou, 2012; Tranquillo, 2017;
Tejedor et al., 2018). Through experience, individuals working as part of a team on a complicated development challenge
solve a complex problem together (Parkes and Blewitt, 2011; Wognum et al., 2019). By emphasizing synthesis on ideas
and concepts, competencies such as awareness, consciousness and communication needed to understand and collaborate
with people from other disciplines are developed (del Cerro Santamaria, 2015; Oyinlola et al., 2018; Wognum et al., 2019;
Babatope et al., 2020).

As well as developing the competencies and skills, what education should aim for is to build up future engineers and
researchers, so that they can consciously appreciate others. On this note, Schikowitz (2021) highlights that researchers want
certainty, concreteness and normalcy: meaning, frameworks, methods, conceptual approaches and procedures which provide a
common understanding of TD. However, seeking common structured processes (Schikowitz, 2021), is more characteristic of
lower levels of coordination than the purpose lead TD system that accommodates multiple epistemologies (Jantsch, 1972).

Breaking this point down into a simple analogy, take for instance a group of people who wish to go to the park (shared
purpose). They all agree climate change is a problem and wish to be less polluting (axiom). Person A says one route is
quicker, Person B says they prefer another route as it is scenic, and Person C says they want to drive because they do not
like walking. With TD, the point is not to all agree simultaneously on the same route to take together, the point of TD is
being able to recognise that through coordinating the journeys, the three different people can all achieve their purpose (to
reach the park), via a different means. It is realizing that Person, A, B and C could all take their routes independently of one
another and still reach the same destination but through unison (walking in alignment from different positions) rather than
agreement (walking altogether on the same path). Sharing axioms is what brings people together, in this instance the axiom
is the different routes to take to the park without increasing pollution. The example shows how purpose and values help
coordinate different disciplines in a system because with TD the agreement comes from the understanding that sometimes
we will not be starting from the same perspective. Through project-based learning, we can provide students with challenges
with a common purpose and shared values, that encourage TD ways of working to solve.

6. Conclusion

Differing interpretations of inter-, multi-, and trans-disciplinry research make understanding when and where TD should
be employed in comparison to other disciplinary approaches difficult to identify (Faulconbridge, 2010; Lattuca & Knight,
2010; Wognum et al., 2019; Taajamaa et al., 2013). Thematically coding survey responses from TD experts against the TD
characteristics in a framework built on the work of Carew & Wickson (2010), Pohl (2011) and Ertas (2010), the study has
answered the question: “When might it be beneficial to take a TD rather than a single, multi or interdisciplinary research
approach?”. The greatest agreement regarding the benefits of utilising TD as an approach to research comes from its
problem-solving capability. There was no complete consensus over whether a TD approach is beneficial for when effective
collaboration is needed, when engineering is required to redefine the frontier of natural, social, and humanities by bridging
them or when standard conceptual methodologies are required to develop new knowledge (Ertas, 2010). However, the
greatest agreement regarding the benefits of utilising a TD approach to research comes from the recognition that concepts,
frameworks, methodologies, tools, and technologies must be shared to solve complex unstructured research problems
(Ertas, 2010). The characteristics of Carew & Wickson (2010), Pohl (2011) and Ertas (2010) are all supported by our
findings, except for the prominent sub-theme of using TD to evidence scientific impact. New insight recognises that whilst
single -, multi-, inter- disciplinarity approaches are supported and expected ways of working, adopting a TD approach will
require institutional work to develop and embed TD practices. For transdisciplinarity to become a reality in institutions,
future engineers (who are the students of today) can be prepared through the development of TD competencies.
Notwithstanding, at the individual level, just because one knows how to be transdisciplinary does not guarantee that one
can work in a TD way or develop the competencies required to become a TD researcher or engineer. However, training and
education improve the likelihood that those who do not already display TD competencies can develop them.
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7. Future avenues for research

This work is limited by the small sample size and future research could address this through a larger survey. Research is
necessary to develop/identify methods of TD working. To address the institutionalisation of TD working, the development of
the environment in which research is conducted needs to be undertaken. Institutions are determined before work begins and
will determine whether any meaningful benefits from TD are realised. We proposed that TD education is therefore important
for TD engineering practice to be adopted. Research gaps exist entailing how many people are in a TD team, at what point
does TD become TD ie how many disciplinary forms of knowledge does it require for someone to effectively work across,
two or four disciplines? Although we addressed strategies to educate researchers and wider society from the TD perspective,
work needs to be undertaken to understand which strategies are more effective than others (Hernandez-Aguilar et al., 2020).
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