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Abstract: Self-directed learning and design thinking were found to be promising pedagogies for
supporting education and thus supporting sustainable development goals. While some researchers
have posited that self-directed learning may support design thinking, empirical research examining
the relationship between these two essential skills is lacking because their shared conceptual structure
has not been articulated in detail, and because they have remained siloed in design practice. This
study examines pre-service teachers’ self-regulation in relation to design thinking skills to advance a
theoretical understanding of design science and to overcome challenges teachers face in adopting and
implementing design thinking. For this study, 158 pre-service teachers were recruited. On the first
level, the empirical data collected were subjected to structural equation modelling to find and confirm
significant metacognitive perspectives in design thinking, while on the second level, an in-depth
analysis was conducted to find moderating effects of pre-service teachers’ metacognitive experiences
and teacher education in design thinking. We argue that awareness and interpersonal skills are crucial
in creative design activity, and that embracing risk, tolerance to uncertainty, and underdeveloped
supervising skills might be critical elements for advancing design thinking behaviour. The findings
of this study have implications for effective science and technology teaching and the learning of
design thinking in teacher education, and for educators and commercial course designers to adjust
the implementation of design thinking.

Keywords: design cognition; design metacognition; design thinking; self-directed learning; innovative
pedagogy; pre-service science and technology teacher

1. Introduction

The general concept of design thinking, as an iterative and non-linear process, can
be seen as “a systematic, intelligent process in which designers generate, evaluate, and
specify concepts for devices, systems, or processes whose form and function achieve
client’s objectives or users’ needs while satisfying a specified set of constraints.” [1] (p. 2).
Moreover, it is a human-centred approach to innovation, anchored in understanding
customer’s needs, rapid prototyping, and generating creative ideas, and it represents a set
of cognitive, strategic, and practical processes by which design concepts are developed [2].
It centres on design cognition, which emphasizes the mental processes and representations
involved in designing, such as design reasoning, processes and patterns, divergent and
convergent thinking, design fixation, design creativity, visual reasoning in design, design
space co-evolution, and design collaboration with design cognition tools [3,4].

Design thinking as an approach to teaching and learning has gained particular atten-
tion and has been exploited widely across the educational vertical, from elementary school
to university education [5–7]. Design and research activities are becoming more important
in national and international education curriculum standards [8]. Design thinking is con-
sidered a new paradigm for dealing with problems in real life and in different sectors of the
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economy—business, medicine, information communication—and in education, for meeting
the challenges of Industry 4.0 and developing 21st century skills, such as critical thinking
and problem solving, creativity and innovation, collaboration, flexibility, self-direction,
social interaction, and leadership [5].

Behaviour design thinking integrates cutting-edge behavioural science with design
thinking to drive innovation at the product, service, and experience levels, leading to
success and business growth across industries [9]. Thus, design thinking is also considered
a promising educational approach to dealing with complex, diverse, and often difficult
problems that teachers and educators face in professional practice, ranging across teaching
and learning topics, to social or community issues, classroom climate issues, and countless
others [10–12]. Moreover, Henriksen et al. [12] suggest that design thinking may pro-
vide an accessible structure for teachers and educators to think creatively when coping
with educational problems of practice, and may support and augment traditional critical
thinking as argued by Ericson [2] and Kijima et al. [13]. Design thinking as a team-based
learning process may offer teachers support towards practice-oriented and holistic modes
of construct learning when active learning approaches are implemented, as argued by
Scheer et al. [14]. Koh et al. [15] highlighted the design thinking skills that pre-service
teachers need to effectively design lessons for individual differences, and to develop design
capacity among future students.

Teachers should be able to enact design science as part of their normal profes-
sional practice and have the means to be design researchers themselves, as argued by
Henriksen et al. [11] and Laurillard [16]. Moreover, design patterns were found to be a
means for externalising knowledge to allow the accumulation and generalisation of solu-
tions and memory recombination as in intuitive cognition [16,17]. Thus, well-designed
and well-situated design thinking activities and tasks may help students reach the highest
levels of the revised Bloom taxonomy [18] (synthesis and creation), valuing empathy, open-
ness to uncertainty, decision making, and problem scoping as skills and traits highly in
demand across industries and other sectors of the knowledge economy [2,11]. In this way,
developed cognitive and metacognitive structures and schematic processes in students will
affect their use of technological pedagogical approaches oriented toward design and thus
determine the quality of science and technology education implementation, as argued by
Lin et al. [19].

Despite the popularity and prevalence of design thinking in various disciplines, numer-
ous researchers have reported its pedagogical problems [12,20–22], which are most likely
due to a root problem in ineffective teaching and learning of the discipline [5,7,8,23,24].
Thus, implementing design thinking was found to be challenging and several problems
were detected [10]. When teaching novices, especially from heterogeneous groups, prob-
lems were detected in the accelerated pedagogical model on how to effectively use human-
centred design to solve vexing work or social problems. This is because novices’ capacity
for empathy, understanding user needs and behaviour, transdisciplinary learning and
collaboration, and openness to uncertainty is rather low [6,10,20]. Novices and unwary
designers may also struggle to follow iteration as an important design process, and they
must develop the capacity for metacognition or awareness and understanding of internal
thought processes to overcome cognitive traps in design thinking [9,25].

A lack of consumers’ perspective is detected, not just in novices, but especially in
accelerated courses for different students in study programmes or training [6]. Several
training and education institutions offer courses focused on the accelerated model with
case-based designs, or on design fixation in the slow or decelerated model, that aim to
transform initial ideas analytically without considering alternatives [20,26]. Accelerated
courses can be timesaving, accessible, and convenient; however, most are expensive, and
are delivered in a duration of up to eight hours using different modalities such as online,
face-to-face, blended, or hybrid workshops in order to reach wider audiences, increase
popularity, and promote education or training [20,27]. For the effective development of
metacognitive and cognitive structures in learners and their transformative learning, at
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least 40 h of instruction are needed in alignment with validated theories, as argued by
Hochberg and Desimone [27] and Yang et al. [28]. Despite the limited long-term impacts of
such organised workshops or training sessions, universities and other training providers
promote themselves and their brands through design thinking.

Any design process requires real-time monitoring or supervision of tasks for the
fine-tuning or adjustment of progress in design, but some literature suggests that de-
sign teachers/educators and learners have rather insufficiently developed abilities for
supervision and monitoring [8]. Instead, they are focused on content knowledge and the
supervision of research activities [8]. Moreover, a lack of pedagogical content knowledge
and the practice of design thinking, especially in freshmen pre-service teachers, might cause
biases in the perception of design thinking deliverables, as argued by Duffin et al. [29].

The pedagogy of design thinking can be also affected by inadequate resources, time
constraints, a fear of poor grades, and the difficulty of shifting to a new way of teaching and
learning that differs vastly from the traditional approach [30]. When performing design
thinking, educators should focus on practising and receiving feedback from experts in the
field. Without establishing the necessary culture and mindset, the desired results may not
be obtained and the process may even fail [31]. Moreover, teachers and students must
cooperate to find solutions; when collaboration is established, and the uncertainty and
ambiguity inherent in the design process are tolerated by teachers, design thinking can
foster students’ reflection on and in action and on knowledge [10].

Acquiring new skills and upskilling is not a one-time deal. Rather, it requires well-
developed cognitive and metacognitive structures to frame and shape design thinking
behaviour [19]. Teaching and learning design thinking requires the right pace and time to
unfold the layers of what it means to be human-centred [19,20,30]. In conceptual design,
special attention should be paid to cognitive structures and processes such as long-term
memory, semantic processing, visual perception, mental imagery processing, creative
output production, and executive function, as claimed by Hay et al. [22].

If teachers and educators continue to ignore the tension between the demands of
accelerated and decelerated learning with regard to cognitive and metacognitive structures,
students will abandon design thinking as quickly as they try it, leading to a widespread
lack of awareness of design thinking, along with misuse, misconception, and misattribution
that limit its power and impact [20,32].

A way forward might be to cultivate self-directed learners of design thinking, espe-
cially in problem-seeking and resolution [33], starting with pre-service teachers who will
teach design thinking to school students [10,19]. They will be taught to overcome cogni-
tive traps and obstacles such as encoding failures, inattentional blindness, confirmation
bias, fundamental attribution errors, and sunk cost traps [9]. Moreover, when designing,
students must utilise their capacity for metacognition, or awareness and understanding
of internal thought processes, to employ effective countermeasures [9,23] and to control
iteration as ‘a purposeful progression through stages of the design process’ [25] (p.1). Such
self-regulated learners of design thinking will be able to transform problematic frames
of reference that guide action in order to make them more inclusive, discerning, open,
reflective, and emotionally open to change [34]. Self-directed learners might also be able
to make the shift from individual-oriented to collaborative learning, from intellectual to
embodied, and from retrospective to prospective, as argued by Ericson [2] and Razzouk and
Shute [35]. According to regulatory focus theory, two distinct types of regulatory systems,
namely promotion and prevention focus [36], may drive the process of self-regulation
in design activities, where the promotion focus represents a person’s wishes, hopes and
aspirations, while the prevention focus represents a person’s obligations, duties and respon-
sibilities [36,37]. Both dimensions of regulatory focus might influence pre-service teachers’
perception, behaviour, performance, and emotions in design thinking, but may be affected
by process feedback, task instruction, and goal framing [37,38].
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1.1. Design Thinking in Teacher Education

Nowadays, many educational institutions are required to compete internationally and
constantly strive for new and innovative approaches, methods, and strategies to teach and
learn [39]. Since the nature of education and teaching is closely connected with design
science [16], teachers should be designers of learning experiences [11,40]. Several deficits
were found when teachers designed and implemented active learning experiences, e.g.,
a lack of knowledge and skills for structuring and scaffolding students’ active learning
efforts; the inability to identify the benefits of working together in collaborative tasks,
especially transdisciplinary collaborations [41]; a lack of knowledge and skills about ICT
and the tools they need; a lack of research skills to achieve dynamic interaction between the
respective networks, communities, and actors involved in the education field’s knowledge
chains [42]; a lack of knowledge, skills, and experiences in designing fast and slow active
learning to address persistent and complex problems [32]; a lack of knowledge of cogni-
tive processes in conceptual design [22]; and a lack of embracing risk and sophisticated
thinking strategy [12,33].

However, to overcome such serious deficiencies in teachers as classroom practitioners
and designers of learning environments, a drastic rethink of both initial pre-service and
in-service teacher education is needed. It is not only the curricula and pedagogy that must
be changed; there must also be a major shift in the modes of thinking and behaviour of
teachers and students, as argued by Retna [30].

Since active learning in science and technology education may be successfully framed
with design thinking, teacher educators might employ dozens of design thinking mod-
els [11,19]. Studies suggest that a five-phase Stanford model of design thinking [43] might
be embedded in teaching coursework, thereby also serving as a guiding approach for
novice teachers [11]. Five basic phases serve as modes: (1) empathize, (2) define, (3) ideate,
(4) prototype, and (5) test of solutions. Designers, teachers, and others can interact with
each mode in different ways—forward and backward, single or multiphase—to under-
stand or explore problems and solutions [11]. More often, the communication of solution
and redesign is added as an extension to the original model, as stated by Lin et al. [19].
The design thinking model itself allows for different modelling, feasibility analyses, the
development of creativity, interactions and collaboration, and transformative learning,
which can improve pre-service teachers’ capacity for sophisticated thinking [44] and the
critical evaluation of ideas and conceptual variants. This later enables effective embodiment
design and re-design, as argued by Ericson [2] and Lin et al. [19]. Design thinking is well
supported in both social-cognitive and social-constructivist sciences, with activities which
allow for the application of metacognition and high-level information-processing strategies
to the organization of cognitive structures [7,19,23]. Learning concepts is a real challenge
for learners due to the abstract nature of the concepts [8]. Moreover, when pre-service
science and technology teachers perform real-life design-based active learning activities,
they are provided with opportunities for expression, communication, and consultation,
which improve their cognitive structures in design thinking [19]. Sophisticated thinking
capacity as a combination of well-developed lower- and higher-order thinking skills will
enable pre-service teachers as designers to effectively transition from simple to complex
operations, from observable to abstract dimensions, from emphasis on working with known
materials to unknown materials, and from traditionally used deductive/inductive thinking
to abductive thinking, which leads to explanatory hypotheses [10,45]. Following the basic
ontology in design thinking with the fundamental constructs of function (F), behaviour (B),
and structure (S), a transformation from requirements into design description can be done
through slow and fast design thinking modes [20], where a large amount of self-directed
learning might be employed in the model. Self-directed learning can be used at intra-
and interpersonal levels with self-awareness, initiative and ownership, goal setting and
planning, engaging and managing, and monitoring and adapting ability, where learners
can work in self-directed ways while engaged in group-learning settings, provided this is
a choice they have made believing it to be conducive to their learning efforts [46]. More-
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over, well-designed tasks that require students’ active reflection rather than reflexive or
reactive response, decision-making, and creation based on the transfer of team learning
can foster higher-order thinking and strategic learners [47]. When pre-service teachers
learn and use design thinking, they might gain the benefits of valuing empathy, openness
to uncertainty and ambiguity, and seeing teaching as design [11]. Pre-service teachers’
evaluation ability should be centred on the willingness to take risks and try new things,
while cross-disciplinary project work is necessary for developing and sharing skillsets, as
argued by Wrigley and Straker [39]. If there is a lack of risk propensity, pre-service teachers
might have difficulties in assessing/perceiving design thinking deliverables [33].

Perceived design thinking ability in pre-service teachers might also be affected by
feedback seeking and experimentation, which can be fostered by divergent thinking in the
technology-enhanced interactive and collaborative learning environment of user-centred
designs [48]. Communication, collaboration, and critical thinking skills might be helpful
in divergent thinking and creativity to impose constraints on different idea generation
techniques so as to enable thinking beyond the usual experiences and domains to overcome
design fixation [9]. As argued by Butler and Roberto [9], carefully designed constraints
can force team members or collaborators to use time and resource management together
with a targeted selection of mind tools. Moreover, it is expected that pre-services teachers
will frequently utilise self-directed learning to identify design and project management
tasks, but they (especially the novices) might have difficulties in planning, implementing,
monitoring, and fixing up strategies (reflection in action), particularly during early design
phases, as argued by Lawanto et al. [33]. Design thinking skills developed in self-directed
learning may provide mental habits as transformative learning outcomes for pre-service
teachers, which will be useful for their creative problem-solving and innovation learning as
a form of pedagogical change [12]. In turn, this will strengthen one’s confidence in tackling
difficult, complex, and global issues, as argued by Kijima et al. [13].

It could be that the effective implementation of design thinking as part of educational
reforms for 21st century skills in teacher education might help both pre-service and in-
service teachers to change their beliefs and practices, and to develop their ability to rethink
the existing curriculum and implement an innovative one, including the content and
pedagogy underpinning it, as stated by Haug and Mork [24].

1.2. Science and Technology Teacher Education in Slovenia

As seen in Figure 1, the Slovenian education system comprises pre-school, basic,
secondary, and tertiary education. Primary education is delivered by public and private
kindergartens, basic schools, basic schools with adapted education programmes, music
schools, and educational institutions for children with special educational needs. Sec-
ondary education is delivered by secondary and upper secondary schools, which provide
general or vocational technical education and secondary professional or technical educa-
tion. Tertiary education, consisting of higher post-secondary vocational education and
higher education, is provided by public and private institutions. Higher post-secondary
vocational education is delivered by higher vocational colleges, while higher education is
delivered by faculties, art academies, and independent higher education institutions [49].
Degree study programmes in higher education are classified into three cycles: first cycle
(academic study programmes and professionally oriented study programmes), second
cycle (study programmes leading to M.Sc.), and third cycle (study programmes leading to
Ph.D.). Slovenia has four universities with 37 faculties, three art academies or professional
colleges, and 10 single higher education institutions established as private institutions.
In addition to teaching, higher education institutions also conduct research and offer
artistic activities [50].
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Basic school teachers are mainly trained in Faculties of Education. The Primary
Education study programme at the Faculty of Education University of Ljubljana qualifies
teachers for teaching from the first to the fifth class of basic education. Completion of the
first degree does not yet qualify the student for independent professional activity in the
field of education. The fundamental aim of the programme is to train students for the
continuation and completion of studies at the second level. A wide range of subject areas
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and additional furthering of knowledge through electives enable graduates of the first
level to be employed and to work independently in other social activities and freelance
professions. The Two-Subject Teacher study programme (Biology–Chemistry, Biology–
Home Economics, Computer Science–Technical Education, Home Economics–Chemistry,
Mathematics–Computer Science, Mathematics–Technical Education, Physics–Chemistry,
Physics–Mathematics, Physics–Technical Education) at the Faculty of Education University
of Ljubljana qualifies teachers for teaching specific subjects in the third educational cycle of
basic education [52].

The graduates of the Two-Subject Teacher bachelor study programme gain funda-
mental professional knowledge from two subject areas and specialist didactic knowledge
from the two subject areas, alongside practical pedagogical training and fundamental
professional knowledge from the areas of pedagogy, psychology, philosophy, and sociology
that is important for professions in education. The programme enables the continuation
of study in the second Bologna cycle, resulting in a qualification for independent work in
educational institutions in both of the selected subject areas [52].

1.3. Aims, Objectives and Research Questions of the Study

Design thinking appears to be an important aspect of STEM education for sustainable
development. Thus, we need better ways of conceptualizing how to teach it, particularly
with respect to designing pre-service teacher preparation programmes.

This study aims to map the relationships between self-directed learning and design
thinking in pre-service science and technology teachers. Metacognitive knowledge and
experience shape knowledge of behavioural principles in design thinking, but remain an
underexplored topic in design cognition [25,53]. Flavell described metacognitive knowl-
edge as “beliefs about what factors or variables act and interact in what way to affect
the course and outcome of cognitive enterprises” that concerned “self, task, goals, and
strategies” [54] (p. 2). Moreover, he also attributed metacognitive knowledge to prompt-
ing individuals to “select, evaluate, revise, and abandon cognitive tasks” while some
metacognitive experiences are best described as items of metacognitive knowledge that
have entered “consciousness”. Moreover, studies on metacognitive design thinking in
educational contexts from the pre-service science and technology teachers’ perspective
are rare.

This article explores the characteristics of and differences in design thinking and
self-directed learning between pre-service science and technology teachers using reference
groups of pre-service primary school teachers. The study also examines pre-service teachers’
self-regulation in relation to design thinking skills in order to advance a theoretical under-
standing of design cognition and metacognition and to overcome challenges and problems
teachers/educators face in adopting and implementing design thinking. Moreover, our
study also aims to reveal constraints on translating cognition and metacognition into design
thinking behaviour. Thus, results will provide feedback to designers, design educators,
and pre-service teachers on their practices, while doing design and teaching design.

The study addressed the following research questions (RQs):

1. RQ1: What are the characteristics of self-directed learning in pre-service teachers?
2. RQ2: What are the characteristics of design thinking in pre-service teachers?
3. RQ3: What is the relationship between pre-service teachers’ self-directed learning and

their design thinking behaviour?
4. RQ4: Does self-directed learning influence the effect of the science and technology

teacher education study programmes on design thinking?

The contribution of the present study is twofold. First, it aims at extending available
insights on individual differences in design thinking within pre-service teachers’ regulation
behaviour. To further deepen current understandings of interindividual differences in the
regulation behaviour of pre-service teachers in design practice, the study also investigates
whether the identified self-regulation profiles predict and shape their understanding of the
design thinking in and across different study programmes.
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These innovative insights directly advance the current literature on interindividual
variety in metacognitive regulation, and the mental processes and representations involved
in designing [3,4,22,23,47], Second, by identifying key profiles of regulators during design
thinking, the present study serves as an important starting point for designing customized
metacognitive support, adapted to the characteristics and regulative needs that typify each
regulation profile. As such, the study’s findings might facilitate more personalised support
in educational practice, which is likely to benefit design thinking participants’ learning
outcomes, and their attitudes towards design and design thinking [8,12,32].

2. Materials and Methods
2.1. Research Design

A quantitative approach was used in this empirical study. In particular, a survey was
conducted to understand the self-directed learning in teacher education and to provide
an underlying structure of design thinking for cultivating self-directed learners. Using
survey data, we will describe and explore self-directed learning and design thinking in
prospective teachers, explain and test the relationship between these two constructs, and
test and evaluate how self-directed learning can be used for design thinking in different
study programmes. This study is a two-level study. On the first level, Structural Equation
Modelling (SEM) was used to find significant relationships between self-directed learning
and design thinking, with self-directed learning subscales as ordinal independent variables,
and design thinking subscales as dependent variables. On the second level, the study
had one categorical independent variable, the teacher education study programme, which
consisted of two discrete study programmes corresponding with our conditions—science
and technology education—as well as a control condition where the study programme
was focused on primary school teacher education. Participants were enrolled in one
of three conditions as they were already engaged in the programme they chose at the
beginning of the study; namely, pre-service two-subject science teachers, pre-service two-
subject technology teachers, and pre-service primary school teachers. At the second level,
the independent variable was manipulated by the study programme while the control
condition presented a study programme where the science and technology subject matter
was integrated. Two moderating variables, awareness and interpersonal skills, were derived
from the first level as the strongest predictors in design thinking. The dependent variable
was design thinking.

2.2. Sample

In Slovenia, only two universities, the University of Ljubljana and the University of
Maribor, train science and technology teachers. In the academic year 2020/21, 271 prospec-
tive science and technology teachers were enrolled in undergraduate programmes at the
University of Ljubljana, while 82 students were enrolled in undergraduate programmes for
prospective science and technology teachers at the University of Maribor [52]. Prospective
teachers for primary school teaching were selected as the reference group for the analysis.

Participants for this study (n = 219)—undergraduate students from pre-service teacher
education at the University of Ljubljana, Slovenia, during the academic year 2020–2021—
were recruited via an online classroom, Moodle, where a link to questionnaires was pro-
vided. A large majority of the participants were students in our courses. Therefore, we
organized the survey during the online courses, while 63 students only received the link and
took a survey independently. Of this group, only 15 participated in the survey, while the re-
maining 48 did not. Exclusion criteria included cases of missing data, those who completed
the study in less than ten minutes, and those who failed an instructed response attention
check. Two instructed-response attention check items were included in each questionnaire
to detect inattentive respondents and improve data quality [55]. There were 158 participants
who successfully completed the study and met all inclusion criteria. The sample included
more female (n = 143, 90.50%) than male participants (n = 15, 9.50%). The distribution
of students among different study programs for the second level of the study was as fol-
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lows: 49 pre-service two-subject science teachers, e.g., Biology–Chemistry, Biology–Home
Economics, Chemistry–Home Economics, Chemistry–Physics; 55 pre-service two-subject
technology teachers, e.g., Technology–Mathematics and Technology–Physics; and 54 pre-
service primary school teachers. For this article, a shortened annotation of students is
as follows: pre-service science teachers, pre-service technology teachers, and pre-service
primary school teachers.

This sample size was checked against the values produced by the GPower 3.1 analysis
program [56]. A power analysis using GPower with the power (1-β) set at 0.95, α = 0.05
indicated that a total sample of 89 participants would be needed to detect moderate effects
(F2 = 0.15) for the F-test using multiple regression with a maximum of five predictors in
one level of the model.

We also reviewed the quality of the sample for the second stage of this study, in which
a factorial analysis of variance was performed. A power analysis using GPower with the
power (1-β) set at 0.80, α = 0.05 indicated that a total sample of 158 participants would be
needed to detect moderate effects (F2 = 0.25) for the F-test using the factorial ANOVA with
two degrees of freedom and three groups, including the reference group.

At the end of the educational work, the students were informed of the purpose
of the study and given instructions on how to fill in the questionnaires. As this was a
voluntary activity, students were free to withdraw from the study at any time and were not
incentivised to provide responses.

The final sample of this study consisted of 158 students with a mean age of 21.34 years
(SD = 4.72).

2.3. Instruments
2.3.1. Self-Directed Learning

A number of scales have been proposed to measure self-directed learning, as outlined
by Litzinger et al. [57], Saks and Leijen [58], Ziegler [59], and Cadorin et al. [60]. However,
considering the above characteristics of teacher education study programmes, Williamson’s
self-rating scale of self-directed learning seemed most appropriate to detect the skills
required for pre-service teachers [61]. Moreover, in our previous studies [7,62], we had
successfully used Williamson’s questionnaire of self-directed learning, which was proven
as valid and reliable for detecting the skills required for undergraduate pre-service teachers.

The questionnaire was used to survey students’ perception of their ability for self-
directed learning. The scale features 60 items in five subscales with 12 items each:

Awareness. Items relating to learners’ understanding of the factors contributing to
becoming self-directed in their learning process, such as thinking through tasks, applying
prior experience, understanding how one’s own strengths fit into the group dynamic, taking
personal responsibility, maintaining self-motivation, identifying own learning needs and
areas of deficit, updating learning resources, and setting own learning goals. One sample of
these items in the self-assessment is: “I am responsible for identifying my areas of deficit.”

Learning strategies. Items explaining the various strategies learners should adopt
to become self-directed in their learning process, such as participating in group discus-
sions using quality talk methods, peer coaching, role play, active learning, problem- and
solution-driven approaches, technology-enhanced learning, and concept- and context-
mapping. One sample of these items in the self-assessment is: “I find learning from case
studies useful.”

Learning activities. Items specifying the necessary learning activities learners should
actively engage in to become self-directed in their learning process, such as rehearsal and
revision of new lesson, highlighting important points when reading, effective use of ICT,
task variation and divergence in team work, empathy, using a diversity of learning styles,
relating knowledge with practice, using quality talk for answering and posting relevant
questions, analysing and reflecting on new ideas, information, or learning experiences,
and curiosity and proactivity. One sample of these items in the self-assessment is: “I keep
annotated notes or a summary of all my ideas, reflections and new learning.”
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Evaluation. Items revealing learners’ specific attributes in order to help monitor their
learning activities, such as self-assessment, identification of areas for further development,
monitoring learning progress, strengths, weaknesses, opportunities and threats analy-
sis, learning from failure, peer evaluation, critical thinking, using different portfolios or
learning management systems for monitoring learning progress, finding new learning
challenges, and developing self-efficacy by observing peers and role models as benchmarks.
One sample of these items in the self-assessment is: “I self-assess before I get feedback
from instructors.”

Interpersonal skills. Items relating to learners’ skills in interpersonal relationships,
which are a prerequisite to their becoming self-directed learners, such as contributing and
supporting, monitoring and adapting, negotiating and decision-making, communicating,
interacting, global citizen skills, and knowledge transfer and team learning. One sample of
these items in the self-assessment is: “My interaction with others helps me to develop the
insight to plan for further learning.”

Williamson’s original response scale was a 5-point Likert scale ranging from 5 (always)
to 1 (never). The McDonald’s omega tests show whether the scales are reliable, considering
the acceptable values suggested by Pituch and Stevens [63], which should be greater
than 0.70.

2.3.2. Design Thinking

The design thinking mindset explained in detail by Dosi et al. consists of 19 constructs
with 71 items [64]. The original questionnaire has a 5-point Likert, scale while we used a
6-point Likert scale. We chose this scale because the ultimate purpose of the instrument
was to track the development of metacognitive awareness for the purposes of either self-
assessment or research. Moreover, since it has an even number of ratings on the scale, the
6-point Likert scale obligates respondents to choose the positive or negative end of the scale,
resulting in better data. Furthermore, if at any point neutral is desired, then the “slightly
agree” and “slightly disagree” can be averaged together [65–67].

The design thinking questionnaire’s items are well-described in Dosi et al.’s study [64]
and explained in ours [7]. The subscales/constructs involved in this study are: (1) Ambi-
guity and uncertainty tolerance, (2) Embracing risk, (3) Human centredness, (4) Empathy,
(5) Mindfulness and awareness of the process, (6) Holistic view/consideration of the problem
as a whole, (7) Problem reframing, (8) Team working, (9) Multi-/inter-/cross-disciplinary
collaboration, (10) Openness to different perspectives/diversity, (11) Learning-orientation,
(12) Experimentation or learning from mistakes or from failure, (13) Experiential intelli-
gence/bias toward action, (14) Critical questioning, (15) Abductive thinking, (16) Envision-
ing new things, (17) Creative confidence, (18) Desire to make a difference and (19) Optimism
towards having an impact.

2.4. Procedure and Data Analysis

Both questionnaires were sent as a link to the pre-service teachers’ email addresses.
Students gained access to the survey at https://1ka.arnes.si/a/569fc1be (accessed on
17 June 2022). Students participated in the study during online distance learning sessions
at the end of the semester in May and June 2021 throughout a study day. A high response
rate was achieved because students participating in the study spent time responding to
the questionnaires during their pedagogical work. The questionnaires took 20–30 min
to complete.

The data were analysed using SPSS Statistics, a software package commonly used
for statistical analysis in the social sciences. To estimate ordinal reliability for Likert-type
and ordinal item response, data collected in a single-administration McDonald’s omega
(ω) coefficient was used, as proposed by Komperda et al. [68] and Hayes and Coutts [69].
The McDonald’s omega was calculated using Hayes’ Omega macro for SPSS downloaded
from www.afhayes.com (accessed on 17 June 2022). Moreover, we preferred the use of
the McDonald’s omega rather than the widely used Cronbach’s alpha, since Cronbach’s

https://1ka.arnes.si/a/569fc1be
www.afhayes.com
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alpha assumes equal factor loadings and furthermore, the McDonald’s omega can be used
multidimensionally, too [69]. A descriptive analysis of the data was carried out to describe
and summarise the characteristics of a sample, expressed by mean and standard deviations.
Due to the violation of normality of the distributions and the nature of ordinal variables,
the nonparametric Kruskal–Wallis test was used to detect statistically significant differences
between the different groups of students. An ε2 was used as a measure of effect size, as
proposed by Tomczak and Tomczak [70].

Due to the relatively small sample size n = 158 and a lack of multivariate normality, a
critical ratio of 98.09 was calculated, which is greater than the acceptable ratio of 1.96 [71].
The bootstrapping procedure in SEM was used to evaluate the path model. The IBM SPSS
Amos (v.24) software program was used to fit SEM.

For a nuanced investigation into whether awareness and interpersonal skills would
moderate the effect of pre-service science and technology teachers’ education, overall
trends were examined, with participants divided into ‘higher’ and ‘lower’ awareness and
interpersonal skills groups, using a median split. After reviewing these mean trends, we
conducted a 2 × 3 factorial analysis of variance (ANOVA), which included condition and
awareness (interpersonal skills) (lower vs. higher) as independent variables and design
thinking as the dependent variable. For a more nuanced investigation, we examined a full
range of awareness (interpersonal skills) as a continuous variable. To facilitate a multiple
regression analysis, we created dummy variables for pre-service teachers’ education, where
the primary school teacher education was the reference group.

2.5. Ethical Considerations

This study was conducted by the Department of Physics and Technology and De-
partment of Biology, Chemistry and Home Economics, both at the Faculty of Education,
University of Ljubljana. The students were informed about the purpose of this research,
which aimed to improve teaching and learning in science and technology teacher education.

Participation in this study was completely voluntary, and students were given an
informed consent form, which also explained the necessary precautions to protect the
privacy of participating students. Students were also informed of the time it would take
them to complete the survey and the importance of answering as they thought and not
as they thought others expected them to. It was also highlighted that responses would be
analysed and presented in groups, and that participants’ identities would not be revealed
under any circumstances. The participants showed understanding that they had the right
to participate without compromising care, and that they had the right to not answer
specific questions.

As we collected personal data, e.g., gender, age, year of study, and course of study,
students were asked for informed consent to proceed with the survey. They were also
given the opportunity to be informed about data collection, analysis, and storage details
in this study, which complied with the General Data Protection Regulation (GDPR) of
the University of Ljubljana. Upon enrolment, all students at the University of Ljubljana
were informed that an authorised person at the University of Ljubljana is responsible for
protecting personal data, monitoring and supervision counselling, and education, as per
the GDPR.

3. Results

Prior to conducting further analyses, data were cleaned and coded, and each scale and
the corresponding subscales were tested for internal consistency. As suggested by Pituch
and Stevens [63], both scales demonstrated sufficient internal consistency for basic research
via the McDonald’s omega scores above 0.70. Means (M), standard deviations (SD), and
bivariate correlations between variables can be found in Table 1. As shown in Table 1, the
age and group of the students were not significantly correlated with self-directed learning
and design thinking. Correlation between age and group indicates that pre-service primary
school teachers were, on average, older than pre-service science and technology teachers.
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Table 1. Means (M), standard deviations (SD), and Spearman’s rho correlations.

Variable M SD 1 2 3 4

1. Age 21.34 4.72 1 0.19 * 0.07 0.00
2. Group 1 0.09 −0.06

3. Self-directed learning 3.87 0.49 1 0.71 **
4. Design thinking 4.02 0.54 1

Note. Group was coded as 1 for pre-service science teachers, 2 for pre-service technology teachers, and 3 for
pre-service primary school teachers. * Correlation is significant at the 0.05 level (2-tailed). ** Correlation is
significant at the 0.01 level (2-tailed).

3.1. Perceived Ability for Self-Directed Learning

Students’ average scores across the study year and in total are shown in Table 2.
Average scores are expressed with a mean and standard deviation. The questionnaire in the
present research proved highly reliable, with McDonald’s omega values of the constructs
between 0.84 to 0.89. Therefore, the self-directed learning questionnaire proved to be a
reliable and valid data collection instrument suitable for use in teacher education [63]. The
McDonald’s omega coefficient values, based on the sample of this study, are also shown in
Table 2. The skewness and kurtosis values of the research constructs indicated that the data
sets are not normally distributed, since some values exceed 1 (skewness) or 2 (kurtosis) as
cut-off values proposed by Tabachnik and Fidel [72].

Table 2. Students’ average scores with a measure of skewness (S) and kurtosis (K) on self-directed
learning across the pre-service teachers’ study programmes, and McDonald’s omega values on
self-directed learning questionnaire’s subscales.

Subscale
Pre-Service

Science Teachers
Pre-Service

Technology Teachers
Pre-Service Primary

School Teachers
McDonald’s

Omega

M SD S K M SD S K M SD S K

Awareness 4.09 0.48 −0.19 −0.97 4.26 0.50 −1.82 4.43 4.15 0.48 −0.36 −0.08 0.85
Learning strategies 3.89 0.54 −0.13 −0.62 4.13 0.54 −1.22 1.07 3.99 0.47 −0.01 −0.78 0.84
Learning activities 3.61 0.62 0.04 −0.39 3.95 0.52 −0.28 −0.25 3.85 0.62 −0.59 0.44 0.85

Evaluation 3.91 0.58 −0.41 −0.03 4.00 0.54 −0.57 −0.44 3.93 0.65 −0.32 −0.45 0.88
Interpersonal skills 4.01 0.53 −0.44 0.27 4.20 0.58 −1.45 2.49 4.16 0.53 −0.27 0.33 0.89

Total score 3.90 0.46 −0.15 −0.19 4.11 0.47 −1.16 1.64 4.01 0.50 −0.08 −0.71 0.96

The differences observed between self-directed learning constructs are significant,
with p < 0.001 (Friedman test: Chi-square value = 111.67; p = 0.000; weak effect size:
Kendall’s W = 0.18). It seems that the subscales of Awareness and Interpersonal skills were
most developed while Learning activities was less developed. We confirmed this claim using
a Wilcoxon rank test where the aforementioned more developed constructs significantly
differed from all others (p < 0.001).

The test for normality by Shapiro–Wilk revealed a violation of the normality assump-
tion across the study programmes (p < 0.05), suggesting the use of non-parametric tests.

To find the differences between the groups of students regarding their ability for
self-directed learning across its subscales, a Kruskal–Wallis test was used with Dunn–
Bonferroni post hoc tests. After conducting Bonferroni-adjusted significance tests for
pairwise comparison, we found significant differences between pre-service technology
and science teachers at subscales of (1) Learning strategies (H = 22.802, p = 0.034, moderate
effect size ε2 = 0.15), (2) Learning activities (H = 26.243, p = 0.010, relatively strong effect
size ε2 = 0.17), and at (3) Interpersonal skills (H = 22.81.332, p = 0.033, moderate effect size
ε2 = 0.15). No significant differences between different study programmes were found at
the constructs of Awareness and Evaluation (p > 0.05).
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3.2. Perceived Ability for Design Thinking

Students’ design thinking ability was assessed on a 6-point Likert scale against
19 subscales of the questionnaire. Means, standard deviations, and differences in the
subscales across the pedagogical and non-pedagogical students can be found in Table 3.

Table 3. Students’ average scores with a measure of skewness (S) and kurtosis (K) on design thinking
across the pre-service teachers’ study programmes, and McDonald’s omega values on design thinking
questionnaire’s subscales.

Subscale
Pre-Service Science Teachers Pre-Service

Technology Teachers
Pre-Service Primary

School Teachers
McDonald’s

Omega

M SD S K M SD S K M SD S K

Ambiguity and
uncertainty tolerance 3.91 0.75 −0.43 −0.06 4.58 0.77 −0.34 −0.61 3.97 0.95 −0.03 −0.37 0.82

Embracing risk 3.89 1.30 −0.25 −1.02 4.34 0.93 −0.16 −0.82 3.79 1.06 −0.17 −0.08 0.83
Human-centredness 4.22 0.91 −0.39 −0.28 4.73 0.74 −0.01 −1.14 4.47 0.84 −0.11 −0.51 0.78

Empathy 4.96 0.81 −1.08 1.43 5.21 0.75 −0.71 −0.37 5.00 0.75 −0.44 −0.45 0.87
Mindfulness and awareness

of process 4.51 0.72 0.14 −0.23 4.75 0.80 −0.65 0.02 4.46 0.72 0.30 0.04 0.80

Holistic view/considering the
problem as a whole 4.69 0.86 −0.14 −0.93 4.91 0.80 −0.84 0.32 4.60 0.71 0.02 −0.28 0.84

Problem reframing 4.69 0.89 −0.65 0.09 4.78 0.86 −0.83 0.44 4.71 0.90 −0.23 −0.43 0.81
Team working 4.83 0.69 −0.66 0.23 5.05 0.71 −1.07 0.80 4.89 0.69 −0.17 −0.76 0.71

Multi-/inter-/cross-
disciplinary collaboration 5.16 0.71 −0.52 −0.44 5.18 0.72 −1.15 1.23 5.06 0.71 −0.93 1.67 0.77

Openness to different
perspectives/diversity 5.27 0.69 −0.85 −0.12 5.30 0.67 −1.39 1.87 5.21 0.66 −0.49 −0.67 0.82

Learning-oriented 5.13 0.70 −0.39 −1.18 5.32 0.59 −1.40 2.96 4.93 0.67 −0.38 0.51 0.87
Experimentation or learning

from mistakes/failures 4.64 0.86 −0.80 0.19 4.91 0.67 −0.71 0.09 4.43 0.89 −0.04 −0.68 0.89

Experiential intelligence/Bias
toward action 4.96 0.85 −1.11 1.57 5.24 0.72 −1.08 0.58 5.07 0.68 −0.81 0.64 0.82

Critical questioning 4.87 0.88 −0.91 1.27 5.16 0.62 −0.47 −0.63 4.45 0.89 0.06 −0.75 0.84
Abductivethinking 4.31 0.91 −0.58 0.88 4.66 0.73 −0.04 −0.82 4.41 0.91 −0.32 0.28 0.87

Envisioning new things 4.51 0.93 −0.17 −0.11 4.69 0.71 0.05 −0.78 4.52 0.77 0.09 −0.37 0.79
Creative confidence 4.66 0.93 −0.21 −0.49 5.07 0.82 −0.85 −0.17 4.47 0.82 0.01 −0.45 0.90

Desire to make a difference 4.88 0.78 −0.22 −0.81 4.93 0.76 −1.92 5.46 4.71 0.83 −0.48 0.25 0.79
Optimism to have an impact 4.68 0.92 −1.06 2.40 5.15 0.85 −1.38 2.25 4.72 0.92 −0.65 −0.19 0.83

Total score 4.71 0.55 −0.20 −0.35 4.98 0.55 −0.78 0.96 4.64 0.62 0.09 −0.23 0.97

The skewness and kurtosis values of the research constructs indicated that the data
sets are not normally distributed, since some values exceed 1 (skewness) or 2 (kurtosis) as
cut-off values proposed by Tabachnik and Fidel [72].

The questionnaire in the present research proved to be moderately to highly reliable,
with McDonald’s omega values of the constructs between 0.71 to 0.90. McDonald’s omega
coefficient values, based on the sample of this study, are also shown in Table 3. As for
Cronbach’s alpha, McDonald’s omega values > 0.7 can be interpreted as an acceptable
internal reliability [63].

The differences observed between design thinking constructs are significant, with
p < 0.001 (Friedman test: Chi-square value = 638.18; p = 0.000; weak effect size: Kendall’s
W = 0.23). It seems that subscales of Openness to different perspectives/diversity, Learning-
oriented, and Multi-/inter-/cross-disciplinary collaboration were the most developed while
Ambiguity and uncertainty tolerance, Embracing risk, Human-centredness, and Adductive thinking
were less developed. We confirmed this claim using a Wilcoxon rank test which revealed
significant differences between subscales (p < 0.001).

The Shapiro–Wilk test for normality revealed a violation of normality assumption
across the study programmes (p < 0.05), suggesting the use of non-parametric tests. Stu-
dents’ average scores on the subscale items were contrasted (using non-parametric tests)
based on the study programme group as the differentiating factor. To find the differ-
ences between the groups of students with respect to their ability for design thinking
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across its subscales, a Kruskal–Wallis test was used with a Dunn–Bonferroni post hoc
test. After conducting Bonferroni-adjusted significance tests for pairwise comparison,
we found significant differences at subscales of (1) Ambiguity and uncertainty tolerance
between pre-service technology teachers and pre-service science teachers (H = 34.368,
p = 0.000, relatively strong effect size ε2 = 0.22), and between pre-service technology teach-
ers and pre-service primary school teachers (H = 31.216, p = 0.001, relatively strong effect
size ε2 = 0.20), (2) Embracing risk between pre-service technology teachers and pre-service
primary school teachers (H = 22.057, p = 0.033, moderate effect size ε2 = 0.14), (3) Hu-
man centeredness between pre-service technology teachers and pre-service science teachers
(H = 24.776, p = 0.016, relatively strong effect size ε2 = 0.16), (4) Mindfulness and awareness of
process between pre-service technology teachers and pre-service primary school teachers
(H = 21.474, p = 0.040, moderate effect size ε2 = 0.13), (5) Learning oriented between pre-
service technology teachers and pre-service primary school teachers (H = 27.565, p = 0.005,
relatively strong effect size ε2 = 0.18), (6) Experimentation or learn from mistake/failure be-
tween pre-service technology teachers and pre-service primary school teachers (H = 26.311,
p = 0.008, relatively strong effect size ε2 = 0.17), (7) Critical questioning between pre-service
technology teachers and pre-service primary school teachers (H = 36.312, p = 0.000, rela-
tively strong effect size ε2 = 0.23) and between pre-service science teachers and pre-service
primary school teachers (H = 22.672, p = 0.034, moderate effect size ε2 = 0.15), (8) Creative
confidence between pre-service technology teachers and pre-service primary school teachers
(H = 31.595, p = 0.001, relatively strong effect size ε2 = 0.20), and (9) Optimism to have an
impact between pre-service technology teachers and pre-service primary school teachers
(H = 23.269, p = 0.022, moderate effect size ε2 = 0.15), and between pre-service technology
teachers and pre-service science teachers (H = 26.007, p = 0.011, relatively strong effect size
ε2 = 0.17).

Considering the total score of design thinking, significant differences were found be-
tween pre-service technology teachers and pre-service primary school teachers (H = 27.624,
p = 0.005, relatively strong effect size ε2 = 0.18), and between pre-service technology teach-
ers and pre-service science teachers (H = 22.057, p = 0.042, moderate effect size ε2 = 0.14).
Significant differences (p < 0.05) in design thinking between pre-service technology and
science teachers were found in the following three constructs: Ambiguity and uncertainty
tolerance, Human centeredness, and Optimism to have an impact.

3.3. SEM with the Bootstrapping Procedure

The current research utilized AMOS 24 to conduct an SEM to test and evaluate multi-
variate causal relationships. SEM is a combination of two statistical methods: confirmatory
factor analysis (CFA) and path analysis [71,73]. CFA estimated the latent psychological
traits (self-directed learning and design thinking) while path analysis aimed to find the
causal relationship among variables of self-directed learning and design thinking by cre-
ating a path diagram. Five logical steps were utilised while conducting the SEM: model
specification, identification, parameter estimation, model evaluation, and model modifi-
cation [71,73]. It was hypothesised that students’ self-directed learning may affect their
design thinking in teacher education. We also hypothesized that constructs of self-directed
learning as exogenous variable effects would be significantly correlated with both positive
and negative outcomes. Moreover, some possible correlations are expected between de-
sign thinking variables, and these variables may also serve as mediators for self-directed
learning variables. We also calculated the explained variances using R2 from the model,
where R2 = 0.02 signifies a small impact, R2 = 0.13 a medium effect size, and R2 = 0.26 a
large effect size [63].

In model development, we first constructed the initial model, which included five SDL
subscales’ scores as exogenous variables and 19 constructs of design thinking as endogenous
variables. According to commonly used fit indices [74,75], we found a poor model fit. We
observed a significant p value (0.000) in the Chi square test (526.04); the Chi square divided
by its degrees of freedom was smaller than 5 (2.90). The goodness of fit index (GFI),
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comparative fit index (CFI) and Tucker–Lewis coefficient (TLI) values were not greater
than 0.90 (0.75, 0.89 and 0.83, respectively); the root mean square error of approximation
(RMSEA) and root mean square residual (RMR) were greater than 0.05 (0.11 and 0.13,
respectively). The GFI, CFI and TLI indexes were also considered acceptable at the >0.90
level [76]. The probability level of the test of close fit (PCLOSE) was lower than 0.05 (0.00).
These results indicated that the robust initial model did require improvement.

After several attenuation corrections we developed a model, and according to com-
monly used fit indices, we found a good model fit. We eliminated one construct of design
thinking (Embracing risk) and applied some correlation paths between design thinking
constructs. In the final model, with 18 constructs of design thinking, we observed a non-
significant p value (0.11) in the Chi square test (198.37); the Chi square divided by its
degrees of freedom was between values 1 and 5 (1.30) and met assessment guidelines by
Hair et al. [77] for good fit. The GFI, CFI and TLI values were all greater than 0.90 (0.92,
0.99 and 0.98, respectively); the RMSEA was smaller than 0.05 (0.03) while the RMR was
smaller than 0.05 (0.03). The PCLOSE was greater than 0.05 (0.86). The probability level of
the test of close fit was also higher than a proposed threshold level of 0.50 for a good model
fit [74,77]. These results indicated that the path model did need special attention due to
small sample size (n = 158) and no multivariate normality (critical ratio was of 98.09 > 1.96).
The basic method of model validation is to test a model with two or more random datasets
from the same sample [78]. Therefore, the validation requires a large sample size or the
bootstrapping procedure [78]. The procedure obtained 2000 usable bootstrap samples,
which is sufficient for the bootstrapping procedure advised by Byrne [71], Chernick [79],
and Streukens and Leroi-Werelds [80]. First, the adequacy of the entire hypothesized model,
based on a transformation of the data so that the model fits the data exactly, was evaluated
using the Bollen–Stine approach [74,81]. A Bollen–Stine bootstrap p value of <0.05 means
that the hypothesized model should be rejected. In the present example, the p value was
0.71, indicating that the model tested via the bootstrapping procedure was not significantly
different to the hypothesized model.

The relationships between self-directed learning and design thinking with statistically
significant (p < 0.05) standardised path coefficients are presented in Figure 2. Only the
direct influence of independent variables (self-directed learning) is shown while moderating
influence of design thinking constructs are not the focus of this study.

As the path coefficients, standardised Beta (β) weights were used as shown in Figure 2,
and they reflect strength and direction of change in predicting the dependent variable when the
predictor changes. βweight ranges from +1—positively related to −1—negatively related [82].

The descriptive analysis of the dependent variable of design thinking revealed that
students’ ability for design-based learning has been perceived as above average, while the
SEM analysis explains how predictor variables of self-directed learning can affect their
behaviour in learning.

For the pre-service teachers, design thinking performance as a desired behaviour
was well-supported in 18 out of 19 constructs, since active learning seems to be aligned
well in the study programme, with all self-directed constructs predicting design thinking
significantly (p < 0.05) in both directions, positive and negative.

The strongest positive predictor was found to be learning activities necessary for
self-directed learning (β = 0.48), which strongly predicts students’ Ambiguity and uncertainty
tolerance, followed by awareness, which strongly predicts students’ optimism to have an
impact in learning (β = 0.38). Interpersonal skills (β = 0.34) predicts an ability for teamwork
in active learning. A visual inspection of other path coefficients revealed that Awareness
and Interpersonal skills might have a strong direct influence on design thinking. This will be
investigated in the next section.
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Interestingly, the path model revealed an interesting pathway, namely that students’
Learning activities negatively predicted their ability for multi-/inter-/cross-disciplinary
collaboration (β = −0.29). It seems that highly competent self-directed pre-service teachers
will find it difficult to collaborate with people outside of their own discipline or institution,
and different perspectives from other disciplines make them uncomfortable. It seems
that those learners like to spend time with peers or others only from teacher education
backgrounds, to develop and conduct their own learning activities. Indeed, we confirmed
the findings of Marquez-Garcia et al. [41] as they found that pre-service teachers shared
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experiences with others involved in education and school processes, e.g., peers, educators,
teachers, and families.

As the weakest self-directed predictor in design thinking, a subscale of Evaluation was
found, pointing to the lack of supervision activities for design thinking as suggested by
Vossen et al. [8], or to the lack of pedagogical content knowledge and design experiences to
differentiate psychological constructs of teaching that affect their design thinking deliver-
ables, such as self-efficacy, the use of learning strategies, and motivation, as also argued by
Duffin et al. [29].

3.4. Relationships between Self-Directed Learning, Design Thinking, and Pre-Service Science and
Technology Teacher Education

This study’s hypothesis predicted that self-directed learning would moderate the effect
of pre-service science and technology teacher education on design thinking. From enabled
visualisation of design thinking (see Figure 2) we first hypothesised that Awareness and
Interpersonal skills as strong predictors might have a moderating effect on design thinking.

First, we conducted a median split of self-directed learning and design thinking to
divide participants into ‘higher’ and ‘lower’ awareness and interpersonal skills groups.
After this, we conducted a 2 × 3 factorial analysis of variance (ANOVA), which included
condition (study programme) and awareness (lower vs. higher) as independent variables
and design thinking as the dependent variable (Table 4).

Table 4. Design thinking by awareness (lower vs. higher) and different study programmes.

Source Type III Sum
of Squares Df Mean Square F Sig.

p Partial η2

Corrected Model 16.73 a 5 3.34 13.32 0.000 0.30
Intercept 3373.81 1 3373.81 13,434.55 0.000 0.98

Group 0.90 2 0.45 1.79 0.169 0.03
Awareness 12.21 1 12.21 48.64 0.000 0.24

Group × Awareness 0.92 2 0.46 1.83 0.164 0.03
Error 38.17 152 0.25
Total 3664.27 158

Note: a. Adjusted R2 = 0.35.

Our results indicated a significant main effect for awareness, F (1, 152) = 48.64,
p < 0.001, while a non-significant interaction term was detected, F (2, 152) = 1.83, p > 0.05.

For a more nuanced investigation, we examined the full range of awareness as a con-
tinuous variable. To facilitate a multiple regression analysis, we created dummy variables
for the study programme, with the pre-service primary school teacher study programme
as the reference group. We conducted a multiple linear regression (Table 5), regressing
design thinking onto awareness, dummy condition variables and interaction terms, which
explained a significant 51% of the variance in design thinking, F (5, 152) = 31.71, p < 0.001.

Table 5. The interactive effect of awareness and pre-service science and technology teachers’ study
programmes on design thinking.

Unstandardized Coefficients
t

Sig.
pβ Std. Error β

Constant 0.45 0.50 0.90 0.367
Pre-service science teachers 2.15 0.72 2.97 0.003

Pre-service technology teachers 1.01 0.69 1.45 0.147
Awareness 1.01 0.12 8.42 0.000

Pre-service science teachers × awareness −0.49 0.17 −2.85 0.005
Pre-service technology teachers × awareness −0.19 0.16 −1.14 0.253

Note. Adjusted R2 = 0.51.
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As detailed in Table 5, awareness, pre-service science teachers, and the interaction
between the two were significant predictors in the model. Thus, our hypothesis was
partially supported: Awareness moderated some but not all effects of pre-service teacher
education on design thinking. As expected, the biggest differences among the conditions
were at the high end of awareness. Pre-service science teachers high in awareness learning
reacted with the least confidence about being capable of design thinking, whereas pre-
service technology teachers appeared to react evenly at both ends of self-directed learning,
lower and higher. It seems that pre-service science teachers, when they are highly aware
and believe there is a low chance of success in the design thinking outcome, tend to think
that the outcome is more influenced by external factors than their efforts, as also argued by
Silvia and Duval [83].

The same procedure was followed for interpersonal skills. First, we conducted a 2 × 3
factorial analysis of variance (ANOVA), which included condition (study programme) and
interpersonal skills (lower vs. higher) as independent variables and design thinking as the
dependent variable (Table 6).

Table 6. Design thinking by interpersonal skills (lower vs. higher) and different study programmes.

Source Type III Sum
of Squares Df Mean Square F Sig.

p Partial η2

Corrected Model 20.11 a 5 4.02 17.57 0.000 0.36
Intercept 3260.44 1 3260.44 14,244.92 0.000 0.98

Group 0.42 2 0.21 0.93 0.394 0.02
Interpersonal skills 16.36 1 16.36 71.48 0.000 0.32

Group × Interpersonal skills 0.22 2 0.11 0.48 0.616 0.01
Error 34.79 152 0.22
Total 3664.27 158

Note: a. Adjusted R2 = 0.36.

Results indicated a significant main effect for interpersonal skills, F (1, 152) = 71.48,
p = 0.000, while non-significant interaction term was detected, F (2, 152) = 0.48, p > 0.05.

We also conducted a multiple linear regression (Table 7), regressing design think-
ing onto interpersonal skills, dummy condition variables and interaction terms, which
explained a significant 51% of the variance in transformative learning, F (5, 152) = 33.86,
p < 0.001.

Table 7. The interactive effect of interpersonal skills and pre-service science and technology teachers’
study programmes on design thinking.

Unstandardized Coefficients
t

Sig.
pβ Std. Error β

Constant 0.95 0.47 2.14 0.035
Pre-service science teachers 1.42 0.68 2.22 0.027

Pre-service technology teachers 1.01 0.60 1.68 0.101
Interpersonal skills 0.88 0.11 8.33 0.000

Pre-service science teachers × Interpersonal skills −0.31 0.15 −1.98 0.048
Pre-service technology teachers × Interpersonal skills −0.11 0.15 −1.12 0.239

Note. Adjusted R2 = 0.51.

As detailed in Table 7, interpersonal skills and interacting terms for pre-service science
teachers were a significant predictor in the model. Thus, our hypothesis was partially sup-
ported: Interpersonal skills moderated some but not all effects of pre-service science teacher
education on design thinking. As expected, the biggest differences among the conditions
were at the high end of interpersonal skills. As depicted in Table 2, pre-service science
teachers, especially those from the high ability end, have a lower level of interpersonal
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skills than pre-service technology teachers; thus, they cannot communicate well across
disciplines and work with other people, which is very necessary for effective design think-
ing, as argued by Razzouk and Shute [35]. Perhaps we can also attribute this to the lack
of experience in communication, establishing interactions, decision-making, knowledge
transfer and teamwork, since pre-service science teachers were, on average, younger than
their counterparts.

The same procedure was also followed with the subscale of Learning strategies, learning
activities and evaluation, but no significant moderating effects on design thinking were
detected (p > 0.05). According to the reference group, it seems that the aforementioned con-
structs are just a direct predictor of student design thinking, not the student’s study major.

4. Discussion

Design thinking can be taught and implemented in a number of ways where several
influencing factors can affect outcomes. Science and technology teacher education aims to
stay competitive and cope with challenges from natural, social and economic environments
that might affect delivery of the curriculum. These challenges and complicated problems
need more attention, self-regulation in learning, active approaches where design thinking
can be seen as an effective approach to deliver innovative ideas, and solutions for these
problems. Moreover, design efforts should maximise potential benefits and minimise
potential harm to the aforementioned environments, as argued by Ericson [2]. This study
focuses on the meta-cognitive structure of pre-service science and technology teachers
to probe their understanding of design thinking. By examining the circumstances under
which the study programme reduces the individuals’ confidence, they will be able to learn
and apply design thinking in a study programme.

4.1. Pre-Service Teachers’ Characteristics of Self-Directed Learning

Pre-service teachers’ self-directed learning was assessed against five subscales. All
self-directed processes were found to be above average (a mid-point of the scale is 3), but
constructs were not evenly developed since self-directed learning is based on a dynamic
conception of learning that takes place through different steps and intensities of learn-
ing, as confirmed by the assertions of [59,84]. It appears that pre-service teachers have
two more developed constructs, Awareness and Interpersonal skills, which might contribute
to transformative learning for pedagogical change, as argued by [85]. This change can be
reflected in design thinking behaviour [19,20]. Moreover, it seems that pre-service teacher
education at the University of Ljubljana engages more in reflective practice associated with
experiential and other active student-centred learning methods to develop self-awareness,
as also argued by Silvia and Duval [83].

Pre-service technology and science teachers differ significantly (p < 0.05) on subscales
of Learning activities, learning strategies and interpersonal skills in favour of pre-service tech-
nology teachers. This points to a lack of experience, knowledge and skills in younger
pre-service teachers (in average they were younger than their counterparts) needed to
plan, implement, monitor and fix up strategy in learning, as confirmed by the findings of
Lawanto et al. [33]. Interestingly, pre-service teachers’ awareness of process and evaluation
ability did not differ across the groups of students. It seems that pre-service teachers in
all subjected study programmes were similarly aware of the weakness and strength of the
topic with the learning outcomes, methods and tools of assessment of learning deliverables.
It seems that upskilling in the aforementioned two constructs takes significant time, along
with specific activities conducted in teacher education to utilise a student-centred method
based on constructivism and social-cognitive theory towards transformative learning, as
suggested by Mezirow [85].

4.2. Pre-Service Teachers’ Characteristics of Design Thinking

Pre-service teachers’ design thinking was assessed against 19 constructs and, as ex-
pected, significant differences were found between subscales (p < 0.05). Pre-service teachers
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engage in design thinking with little understanding of the problem from the customer’s
perspective, as confirmed by the findings of Mentzer et al. [6]. Moreover, they do not have
a high tolerance of ambiguity, uncertainty and risk taking. More likely, when they engage
in design thinking, they use design fixation and case-based design to generate a single
solution analytically rather than comparing alternatives, as confirmed by the findings of
Mentzer et al. [6]. Since they are very learning-oriented and open to diversity, it appears
that pre-service teachers focus on problem solving (problem definition and reframing)
when engaged in design thinking, but not so much on the use of solution-driven design
thinking focused on the generation of several solutions, as suggested by Dorst [5], for
effective critical evaluation of design solutions. Pre-service teachers are deeply engaged
in different interactions and collaborations, since their active learning, practising and in-
ternship in different educational institutions rely on this. It seems that more embodied
learning in technology education using different experiments, tools, machines, devices and
ICT can boost design thinking in ambiguity and uncertainty tolerance, embracing risk, human-
centredness, mindfulness and awareness of process, experimentation or learn from mistake/failure,
learning-oriented, critical questioning, creative confidence and optimism to have an impact. More-
over, pre-service technology teachers outperformed their counterparts from primary school
teacher education, while with pre-service science teachers they differed only in ambiguity
and uncertainty tolerance and human-centredness. It seems that developing emotional and
cognitive empathy as an ability to collect data for identifying and prioritising end users’
different values and needs, along with accepting uncertainty and openness to risk, were
critical issues in the development of design thinking in teacher education, as confirmed
by the findings of Butler and Roberto [9], Henriksen et al. [11], Schweitzer et al. [21], and
Retna [30]. Empathy can be a decisive element in shifting reasoning modes to conceive and
qualify design proposals, since it requires recognition of the normative nature of design,
strongly predicted by self-awareness and interpersonal skills to establish collaborators’ po-
sitions, as confirmed by the findings of Rusmann and Ejsing-Duun [10]. Moreover, design
thinking in pre-service teachers appears to need more support in metacognitive processes
that control iteration as an important design process. To control iteration in pre-service
teachers’ design, some actions are proposed by Carlson et al. [25], such as focusing attention
on key areas of the project, identifying project risks, and choosing iterative strategies to
mitigate risks.

4.3. Relationship between Pre-Service Teachers’ Self-Directed Learning and Their Design
Thinking Behaviour

SEM was used to estimate relationships between pre-service teachers’ self-directed
learning and their design thinking behaviour, as depicted in Figure 2 where only direct
effects were examined.

Pre-service teachers’ design thinking is well-supported in self-directed learning, where
18 out of 19 constructs of design thinking showed a large proportion of explained variance
(R2 = 0.21 − 0.45). Embracing risk was a very important aspect in design thinking as it
seemed to lack support in self-directed learning. Risk propensity seemed to be rather
rooted in personality, differing across job types and with clear links to age and sex, as
argued by Nicholson et al. [86]. The teaching profession, predominantly female teachers
themselves, are not subjected to risk-taking in their professional careers [86], and pre-service
teachers perceive the teaching profession and competencies by highlighting learning by
feeling, belonging, placing action in a social perspective, and sharing experiences with
others, as argued by Márquez-García et al. [41]. To cultivate risk-takers or bearers, teacher
education must pay more attention to peer-based learning, blogging, massive open online
courses, open discussion on previous failures and shortcomings, and other risk-taking
modelling activities wherein students may be exposed to a wider audience, in virtual
environments and with the educational use of ICT [86]. Teacher educators need to provide
learners a flexible and responsive programme structure (learning objectives, learning
strategies, relevant learning activities, evaluation and assessment methods), which should
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be responsive to individual learning needs, more dialogue/interactions and autonomy
permitted/required by the teaching method and learners to decrease transactional distance
and provide clear feedback without misunderstandings, as argued by Vossen et al. [8],
Wengrowicz [87], and Larkin and Jamieson-Proctor [88]. Thus, a need for the development
of both cognitive and affective structures is detected, since the willingness to bear risk seems
to be a combination of emotional coolness, toughness, activity, and a tendency towards
casualness about control and rules, as claimed by Nicholson et al. [86]. Nicholson et al. [86]
also stated that the combination of personal disposition, skills, and interests leads risk
adapters towards roles and organisations to enhance their risk preferences, pointing to
the lack of a risk-taking culture in teacher education and school systems in general. This
might be related to rigid educational systems with out-of-date curricula, which need a
drastic rethink, not only for methods and strategies used, but also for refreshment and
actualisation of the teaching and learning environment, content included [12]. It seems that
active learning involved and used in teacher education needs complementary methods to
develop creativity and intellectual risk, where mistakes cannot be penalised and willingness
to fail can be encouraged, as suggested also by Henriksen et al. [12]. Yet, a rethink is needed
on how to balance constraints and manage recourse distributions in trial-and-error learning
for design thinking behaviour.

All other constructs of design thinking have strong support in self-directed learning,
either as single or multiple predictors. It seems that accepting uncertainty in design
can be largely developed through different learning activities in collaborative learning
environments, using real-life contexts and more elaborate and deliberative reason strategies,
such as analogising and mental simulations, as suggested by Ball and Christensen [53],
while human-centredness can be affected by two self-directed subscales; evaluation and
interpersonal skills. It seems monitoring and feedback sought together with reflection-
in-action that guides intuitive behaviour in the context of real-world design [53] might
bridge the gaps in self-regulation, especially in early phases of design, as also argued by
Lawanto et al. [33]. Since evaluation was found to be a weak predictor in design thinking,
namely only for student’s human-centredness ability, it points to the lack of supervision
or monitoring of skills in students to effectively supervise the entire design process, as
confirmed by the findings of Vossen et al. [8]. It seems that science and technology pre-
service teachers are focused on the content of subject matter and supervision of research
and experimental projects, while pedagogy for supervising design thinking tasks is missing
or irrelevant, as argued by Vossen et al. [8].

Experimentation or learn from mistake/failure as a part of bottom-up processing, which
is much preferred in developing empathy and defining user needs, has strong support in
learning strategies used in design thinking and interpersonal skills needed for effective
collaboration, communication, decision-making, and leadership. Thus, we can avoid
encoding failures which lead to intentional blindness and might appear at top-down
processing, as argued by Butler and Roberto [9]. A key to design thinking might be seeking
the unexpected, to find surprises that can lead to breakthroughs and novelties [9]. A higher
level of awareness and interpersonal skills might help designers to avoid the initial problem
by avoiding design fixation and analytical processes.

In user experience design, a necessity to overcome confirmation bias is revealed, since
it leads to insights that are not well-grounded in users’ experiences [9]. Overcoming this
requires an increased awareness of the process and higher-level interpersonal skills to
address emotional disconnection to find what customers expect from us as designers.

Pre-service teachers reported a high level of multi-/inter-/cross-disciplinary collabora-
tion and openness to diversity but this fact has support in only one direct predictor, learning
activities and awareness with the process, accordingly. Learning activities conducted in
self-directed learning are counterproductive for effective collaboration with stakeholders
beyond the educational system, as confirmed by the findings of Márquez-García et al. [41].
To turn this trend, reach stakeholders out of teacher education and school systems and
improve design thinking ability, a course designer must provide more real-life transdisci-
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plinary and contextualised content situated within different disciplines, not just teacher
education [20], which has been suggested by Henriksen et al. [11], Wrigley and Straker [39],
and Soleas [47]. Since collaboration is crucial in design thinking, some studies suggest
introducing first transactional distance theory [87]. Pre-service teachers need to be encour-
aged to collaborate with other students to develop a multidisciplinary way of thinking
and learning when facing different engineering design challenges, as argued by Margot
and Kettler [89]. For effective design thinking, the physical and psychological separation
between learners, the content and the teacher/educator, can be reduced by (1) fostering a
communicative learning culture, (2) aligning the needs, expectations and goals of all learn-
ers, (3) providing self-paced learning resources, (4) setting manageable milestones which
can help reignite learners’ motivation, (5) providing prompt and personalised feedback,
and (6) pairing self-assessments with resources for the improvement of weak areas [87].
Moreover, each learner can participate in collaborative learning and not be penalised for
biased findings or incomplete results, which helps improve the learner’s risk propensity, as
argued by Nicholson et al. [86].

An increased awareness and well-developed interpersonal skills are a key factor in the
self-directed learning of design thinking, since they have direct predicting values in several
constructs of design thinking. Strong awareness might contribute positively to reflective
practice, to control and monitor the situational actions, as argued by Kavousi et al. [23] and
Lawanto et al. [33] and to control and balance the need for fast and slow design thinking, as
confirmed by the findings of [20] which enables using sophisticated skills as proposed by
Tikhonova and Kudinova [45] to connect practical intelligence, intuitive driven with creative
intelligence and adductive thinking driven in activities with reflexive, reactive and reflective
reason [20], together with well-developed interpersonal skills, such as problem-solving and
decision-making, communication, conflict resolution and mediation, teamwork, emotional
intelligence, negotiation, persuasion, and influencing skills. Pre-service teachers will vastly
develop structures for conceptual design cognition using executive function, long-term
memory, creativity, experiential intelligence, imagery processing, visual perception, and
semantic processing, as also argued by Hay et al. [22], even to address persistent and
complex problems in teaching and learning [32].

Since awareness and interpersonal skills in pre-service teachers predict a majority of
constructs of design thinking and play an important role in developing both cognitive and
affective structures crucial for effective design thinking, we discuss their potential inside
different study programmes of teacher education in the following subchapter.

4.4. The Effect of Pre-Service Science and Technology Teacher Education Study Programmes on
Design Thinking in Self-Directed Learning

This study also examines the circumstances under which the study programme reduces
the confidence individuals have and whether they will be able to self-direct learning in a
programme. Results suggest that the students’ belief that they will be successful in design
thinking depends on the study programme under certain circumstances, namely, when
their awareness is high and the programme is science education. While our hypothesis
expected that awareness moderates the relationship between the study programme and
design thinking, the results did not follow a perfectly predictable pattern. It seems that
when they are highly aware and believe there is a low chance of success in design thinking
outcome, pre-service science teachers tend to think that the outcome is more influenced by
external factors than their efforts, as confirmed by the assertions of Silvia and Duval [83].
Thus, more support is needed in design thinking, especially for sophisticated thinking and
risk propensity in learning, also argued by Lawanto et al. [33].

We also investigated whether interpersonal skills would moderate the effects of teacher
education study programmes on design thinking. Results suggest that the students’ belief
that they would be successful in design thinking depends on the study programme under
certain circumstances, namely, when their level of interpersonal skills is high, and the pro-



Sustainability 2022, 14, 8626 23 of 28

gramme is science education. High-ability pre-service science teachers in design thinking
advance less according to the reference group of pre-service primary school teachers.

The results also suggest that for both low- and high-ability pre-service technology
teachers, the subscales of awareness and interpersonal skills advance evenly in design think-
ing, according to the reference group. In average, pre-service technology teachers have
higher scores in the aforementioned subscales than their counterparts. Perhaps, then, they
had a more realistic view of the challenges associated with design thinking behaviour,
as confirmed by the findings of Henriksen et al. [12], Scheer et al. [14], Retna [30] and
Lawanto [33]. To foster pre-service science and technology teachers’ design thinking ability
through self-directed learning, we propose the introduction of a pedagogical activity called
community of inquiry based on Dewey pragmatism and constructivism [90], where inter-
personal skills might be improved [91] for a deeper conceptual understanding of science
and technology phenomena and developing self-correction for reconstructing habits and
behaviours through classroom dialogue as a collaborative learning community as suggested
by Haug and Mork [24] and Nichols et al. [90]. Moreover, increased pre-service teachers’
awareness and improved interpersonal skills might help them to reflect on what they have
learned as part of their professional development, not only what they have done during
active learning, which aligns with Haug and Mork [24] and Silvia and Duval [83]. It could
be that well-developed empathy, risk-taking, self-direction, and social skills in pre-service
teachers can also enhance their reflective capacity by exposing their ideas to sceptics and
perceiving critical feedback as a gift and amplifier for design thinking, as argued by Butler
and Roberto [9].

4.5. Limitations of the Study

The present study involved some deficits: (1) a lack of pedagogical knowledge and
teaching experience in younger pre-service teachers might cause perception problems
in some latent constructs, such as learning strategies used, monitoring and evaluation
ability, since some research suggests that novice pre-service teachers do not distinguish
between those psychological constructs while graduating pre-service teachers do make
this differentiation, as confirmed by [29]. Thus, results of pre-service science teachers who
were younger on average than their counterparts may be treated with caution. (2) A much
larger and more diverse sample is needed to support the generalisation of results. Pre-
service science and technology teachers should also be recruited from the second Slovenian
university, which also trains future professionals in this field. Moreover, involving pre-
service teachers on second level according to the Bologna study might contribute to a clearer
picture and reveal new insights to support design thinking in teacher education. (3) In this
study, only a sociological survey was conducted. A need is identified for qualitative data
that includes the perceptions of educators on the topic examined in the study. (4) Since the
subjective uncertainty in design is constantly fluctuating, as argued by [53], a longitudinal
study or mapping over time is needed. (5) Research has not directly examined design
thinking and self-directed learning, but rather respondents’ perceptions of these constructs.
Thus, direct observation and assessment of the constructs is needed for the future studies.

5. Conclusions

In this study, researchers explored interactions between self-directed learning and
design thinking in pre-service science and technology teachers. The results indicate a strong
possibility for the shaping of design thinking behaviour as an outcome of self-directed
learning in teacher education.

The self-reported ability to undertake self-directed learning was found to be above av-
erage among prospective teachers, with most constructs varying across study programmes,
while study awareness was found to be the strongest. The COVID-19 pandemic constraint
could affect the development of self-directed learning activities, while on the other hand,
prospective technology teachers, where technology-enhanced design thinking is most
developed and used, rate their self-directed learning skills higher than their counterparts.
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Self-assessed design thinking ability was also not uniformly developed across con-
structs and programmes of study, but all reported scores were well above average.

The study also yielded interesting results depicted in the developed path model,
indicating the possibility of both accelerating and slowing down design thinking using
self-directed learning strategies. This finding could be useful in making decisions about
which approach or mode of design thinking to use and how to adjust its intensity toward
surface or deep learning of the subject matter.

By exploring factors affecting design thinking, we provide deeper insight on how
to shape the cognitive and affective structures needed for effective design thinking. Pre-
service teachers engage in design thinking with little understanding of the problems and
potential solutions from the perspective of the customer and other disciplines that interact
in real life. Pre-service teachers are more likely to use design fixation and case-based
design as approaches in order to solve problems analytically, while the sophisticated
thinking needed to connect practical intelligence with higher-order thinking skills is rather
lacking. A huge deficit was detected in risk propensity in pre-service teachers, also due
to the nature of teacher education, with predominately female students and the school
system in general, while a strong need to rethink the current curriculum in the sense of the
actualisation and optimisation of content, methods, and outcomes is detected. Pre-service
teachers’ awareness of the learning process, and their interpersonal skills, might play a
crucial role in learning design thinking. Task awareness, knowledge of cognitive strategies,
self-awareness, reflective process control, and reflective process monitoring should be
developed in pre-service teachers as a priority for effective design thinking, together with
risk taking ability, the valuing of empathy and emotional intelligence, and an openness to
diversity. The incorporation of user-centred design and divergent thinking enhanced by
well-designed constraints in teacher education are recommended as ways to foster feedback
seeking and experiential intelligence, while fixations in the design process can be decreased.
Moreover, we also suggest using design thinking for the performance of task assessment,
especially in solution-driven active learning tasks, while we can simultaneously overcome
misunderstandings in conceptual learning and enhancing creativity when developing 21st
century skills and competencies.

We also suggest the introduction of pedagogy for supervision design thinking projects
already in the pre-service curriculum, when pre-service teachers will carry out research or
design tasks by themselves through engagement moments such as habitus engagement,
knowledgeability engagement, and data-analysis engagement.

We believe that incorporating the self-directed design process into teacher education
is beneficial for refining pre-service teachers’ cognitive structures and schematic processes
in both design thinking and other active learning methods and approaches. Deep insights
and a better comprehension of design thinking yielded by this study can be helpful in the
development of (1) design tools to assist designers in their tasks, (2) didactical tools to
support more effectively designed self-directed learning processes, and (3) research tools to
improve the efficiency and effectiveness of design research.

However, further work should focus on exploring how to overcome the weaknesses
of pre-service teachers’ design thinking in embracing risk by including various kinds of
technology-enhanced experiments to facilitate one’s ability to recognise valuable opportuni-
ties, be sensitive towards failure, and carve out learning opportunities from tanked solutions.
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