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Abstract

This study proposes a framework for the simulation-embedded scaffolding of problem-based learning
(PBL) for science teachers’ self-directedness in learning. The literature shows a lack of existing
frameworks for science teachers to scaffold PBL in the classroom. Furthermore, science teachers,
including those in South Africa, avoid implementing PBL in their classrooms. This is owing to various
challenges, such as a lack of knowledge of and self-directedness in planning, designing and
implementing PBL problems. The theoretical framework for this study was the zone of proximal
teacher development (ZPTD), refined by Warford from Vygotsky’s zone of proximal development
(ZPD). The paper presents a framework for teachers’ PBL and teaching self-directedness in teaching,
namely Problem-based Learning and Teaching Self-directedness in Teaching (PBLT-SD). This
intervention-based study followed a descriptive quantitative research design. Systematic random
sampling, partnered with cluster sampling, was employed to sample 40 science teachers from a
province in South Africa for an in-depth study. Three quantitative data generation instruments were
used, namely a simulations questionnaire, a PBL questionnaire and a reflective portfolio. The results
and findings of this study illustrated a significant difference in the science teacher participants’
perceptions of using interactive simulations, PBL and their self-directedness in learning after
participating in an intervention. The intervention consisted of a teacher professional development
intervention and the classroom implementation of PBL, partnered with simulations, thus corresponding
well with the theoretical framework of the study, namely ZPTD.
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1. Introduction and Background

As educational reforms progress, there is a call to implement problem-based learning (PBL) in the
teaching and learning of the STEAM subjects, namely science, technology, engineering, art and
mathematics. This call is evident in various countries, such as Denmark [1, 2], South Africa [3, 4, 5]
and the United States of America [6, 7]. Globally, education departments, including the Department of
Basic Education in South Africa [8] recommends PBL as a learner-centred teaching and learning
strategy for school sciences. PBL is an influential type of inquiry-based learning in which learners use
an authentic problem as the context for an in-depth investigation of what they have to know [9]. PBL is
a comprehensive learner-centred, group-based and problem-orientated teaching and learning strategy
[10]. The term “problem-based learning” was initially coined for medical education [11]; however, in the
past few decades, it has also become popular in teacher training and school education [12, 13, 14].

Unfortunately, science teachers around the world avoid implementing PBL in their classrooms owing
to various challenges, such as a lack of knowledge and self-directedness in planning, designing and
implementing PBL problems [15, 16, 17]. [18] outlines a systematic method specifically designed to
guide instructional designers and educators to design effective PBL problems for all levels of learners,
thereby strengthening the characteristics of PBL and alleviating issues of implementation. This
systematic method is known as the 3C3R PBL Problem Design Model. More recently, Hung [19]
modified this model to the Second Generation of the 3C3R PBL Problem Design Model. This model
was adopted and used for this study. The Second Generation of the 3C3R PBL Problem Design
Model consists of three classes of components, namely core, processing and enhancing components.
The core components comprise content, context and connection (3C), which deal with the designing of
the PBL problem. The processing components — researching, reasoning and reflecting (3R) — concern
the learners’ learning processes and problem-solving skills. The enhancing components are affect,
difficulty and teamwork, which may influence an individual’s motivation to learn, engagement in
learning, self-directed learning and shared learning [19].
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Self-directedness in teaching is a work-related learning process about adaptation to steering and
taking responsibility to choose and implement appropriate teaching-learning strategies [20, 21]. This
learning process is essential for the 21st century [22] and is expected of professionals [23], including
science teachers. In other words, self-directedness is essential for the effective implementation of PBL
partnered with simulations. Simulations use multimedia, such as sound, text and graphics, to bring
about desired outcomes based on a specific real-life scenario. The use of simulations in a science
classroom enhances learner engagement in the content they are learning [24]. As part of artificial
intelligence, simulations make classrooms conducive to teaching and learning in various ways. With
simulations, this is accomplished by providing instruction in mixed-ability classrooms, providing
learners with detailed and timely feedback on their tasks, freeing teachers from the burden of
possessing all knowledge and giving them more opportunities to facilitate and monitor learning [25].
Teacher scaffolding is important for learners’ effective learning during teaching when simulations are
embedded into PBL [26, 27]. Simulation-embedded scaffolding is a multiple-outcome narrative with
standards-based information. It is designed to offer practice and decision-making opportunities,
promote reflection and scaffold new ideas or cognitive artefacts [28]. Providing extra support to
science teachers on the simulation-embedded scaffolding of PBL can promote self-directedness in
teaching [14]. Therefore, a teacher professional intervention was conducted for science teachers. The
Department of Basic Education needs to improve the teaching and learning of science curricula
according to their contexts [29]; however, there is a lack of guidance (in the form of frameworks) on
how it can be achieved.

1.2 Review of Related Studies

As in the current study, a Canadian study was conducted to explore designing and implementing PBL
in the context of high school science [30]. While the current study was quantitative in nature, with 40
science teachers, the Canadian study was qualitative, with only one science teacher [30]. The
documents they used for data generation are, to some extent, similar to the portfolio used in the
current study. As in the current study, their first challenge was choosing a PBL problem that was
aligned with the curriculum goals and learning outcomes. The findings of their study showed that as
the participant commenced implementing PBL, she struggled with the PBL process and time
management. In a study conducted in the United States of America [31], the challenges associated
with PBL included a lack of PBL knowledge and experience, losing the focus and content of the
subject, a lack of science-orientated material resources and instructional resources, demands with
regard to aligning PBL activities with the standards of the subject and time constraints. A South
African study [32] argues that the concept of being self-directed is not known to teachers and, as a
result, teachers are often not self-directed in employing innovative teaching and learning strategies in
their classrooms.

In the United States of America, a review study [33] was conducted to examine the implications of
science inquiry tools for classroom teaching and learning practices. The findings of the review study
were summarised in a technology-enhanced, inquiry-based science class framework. The framework
shows that three interlinked dimensions are key to exploring the role of technologies. These
dimensions are the macro-context, the teacher community and the micro-context. The macro-context
involves systemic reform and educational standards; the teacher community is the physical or virtual
context, where teachers share expertise and mentor one another; and the micro-context is the
classroom context, where learning and teaching occur. However, this is only a pedagogical framework
for classroom implementation and is not specific to a particular teaching and learning strategy or
technology tools. In the Netherlands, 309 teachers’ self-directed learning was investigated relating to
their teaching experience [34]. It was found that teachers strongly preferred being self-directed in
domains specific to subject matter, digital devices and multimedia.

A study conducted in Indonesia was aimed at using simulation activities during the implementation of
PBL, dealing with work and energy concepts, to promote critical thinking skills [35]. The effectiveness
of the process was observed and the results of the study showed success in pairing simulations with
PBL. In other words, simulations are effective learning mediums for understanding abstract concepts,
such as work and energy, and improve the critical thinking skills of learners. Another American study
[27] examined how 163 Grade 9 biology learners’ academic achievement and group performance
related to their perceptions of the usefulness of hard scaffolding, peer scaffolds and teacher scaffolds
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in inquiry-based learning activities. The study proposed a framework based on the implementation of
inquiry-based learning, rather than PBL [27]. Therefore, the framework does not show support for
enhancing teachers’ knowledge — an aspect that the current study focused upon, namely promoting
teachers’ self-directedness in teaching. The theoretical framework that equally guided the
development of the framework proposed in this study is delved into next.

1.3 Theoretical Framework

The theoretical framework for this study was the zone of proximal teacher development (ZPTD)
refined by Warford [36] from Vygotsky’s [37] zone of proximal development (ZPD). The ZPTD refers to
teacher development where learning and professional development take place in four eminent stages.
The ZPD is one of Vygotsky’s best-known ideas and is embedded in social constructivism [38]. The
ZPD is defined as the distance between the actual developmental level, as determined by
independent problem-solving, and the level of potential development, as determined through problem-
solving under adult guidance or in collaboration with more capable peers [37]. The ZPTD is the
distance between what the teacher can do with scaffolding and without the help of the facilitator [36].
The ZPTD stages are as follows: In Stage 1, teachers, as students, are required to reflect on their
prior experiences and assumptions. In Stage 2, or the expert-other phase, teachers (i.e. expert others,
usually known as knowledgeable others) are assisted to be more self-directed individuals. In Stage 3,
the internalisation phase, teachers, through critical reflection and journaling, start developing their
footing and voice and slowly develop a more nuanced teaching philosophy. Lastly, in Stage 4, the
recursion or de-automatisation phase, also seen as the theory-to-practice stage, teachers confront the
dichotomy of theory and practice in all their intensity.

Against this background and theoretical framework, this study developed a framework on the
simulation-embedded scaffolding of PBL for science teachers’ self-directedness, which stood as a
hypothesis. Further development of empirical data and tools is needed through teacher professional
development. The proposed framework for teachers’ problem-based learning and teaching self-
directedness in teaching (PBLT-SD) is presented in Figure 1.
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Fig. 1. Framework for teachers’ PBLT-SD

This framework was developed based on a framework [27] for hard, peer and teacher scaffolding in
technology-enhanced classroom environments. In the beginning, starting from the bottom (see Figure
1), a facilitator is expected to prepare hard scaffolding, using relevant teaching and learning resources
such as simulations, science content knowledge and PBL principles. This is followed by a phase
where the facilitator should promote soft scaffolding among peers, where there is positive
interdependence on simulation-embedded scaffolding. Hard scaffolding can be seen as static support
that can be anticipated; in other words, it is planned in advance, based on the typical difficulties
experienced by the participants in executing a task. On the other hand, soft scaffolding is dynamic and
based on the circumstances at the time. For example, the knowledgeable other is required to establish
the participants’ understanding continuously and provide timely support based on their responses.
Science teachers are expected to work with PBL problems using the process of the Second
Generation of the 3C3R PBL Problem Design Model. The model is used to explore science content
knowledge, identify a contextual issue, connect the identified issue with the classroom content, identify
relevant resources, develop an argument of engagement, reflect on and evaluate the anticipated
learning processes, identify potential learning objectives and develop a lesson plan. Science teachers
should monitor themselves for their self-directedness in learning and teaching with innovative teaching
and learning strategies. While teachers’ self-directedness for teaching is enhanced, they may need to
tap into the PBL 3C3R process while planning and designing a PBL problem for a new science topic.

The hard, peer and teacher scaffolding framework is based on the implementation of inquiry-based
learning, rather than PBL [27]. Furthermore, the framework is based on students’ perceptions, rather
than those of the teachers. On the other hand, the framework developed in this study is related to a
pedagogical framework for teaching and learning with inquiry tools [33]. The framework is also
designed to enhance teachers’ pedagogical content knowledge. However, this framework may be
difficult to implement, as its components do not clearly show how the model begins. The framework
presented in this study may be appropriate for enhancing teachers’ self-directedness for teaching.
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This paper argues that the PBLT-SD framework developed in this study may be easier to apply, also
by teachers, as these participants are expected to monitor their self-directedness for teaching. Any
more knowledgeable other (as put by Vygotsky) may guide others applying this framework. In bringing
it all together, this paper argues that PBL may be better referred to as the problem-based learning and
teaching (PBLT) strategy, as PBL is not independent of the teacher. In fact, PBL depends heavily on
the teacher’s self-directedness, acting as a guide and facilitator during the learning process. It is
necessary to understand the specific characteristics of this framework and how they are interrelated,
which may help develop collaboration among them during the implementation of PBL. The authors of
this paper recognise that there are many more variables in designing this process that are important in
pedagogical and contextual practices. However, it should be borne in mind that this framework was
observed in the South African context in the teaching and learning of science subjects. The following
research question guided this study: How can science teachers’ self-directedness in implementing
PBL be enhanced in a teacher professional development intervention?

2. Methodology

This intervention-based study followed a descriptive quantitative research design. The study was
conducted in North West, one of the nine provinces of South Africa. This province is divided into four
education districts. A cluster sampling technique was employed, and the four districts were taken as
clusters. Systematic random sampling was then used to sample 10 science teachers from each
cluster. A total of 40 science teacher participants were sampled. It is important to mention that this
study emerged from a larger mixed-method research project. However, this paper reports on the
quantitative research aspect. A simulations questionnaire [39] was adapted, a PBL questionnaire [40]
was adapted and a reflective portfolio was developed by the authors. These three instruments were
used as data generation instruments to generate quantitative data. The quantitative data were
analysed using descriptive and parametric statistics. The Statistical Package for the Social Sciences
software was used for the data analysis, and the Shapiro-Wilk and Wilcoxon signed-rank tests were
employed. The Interstate New Teacher Assessment and Support Consortium performance standards
scoring rubric [41] was adapted to analyse the participants’ implementation of PBL in the portfolio.

2.1 Methods: Teacher Professional Development

A three-day teacher professional development workshop was conducted for the science teacher
participants (n = 40) mentioned above. The participants worked collaboratively and cooperatively in
groups of six members, guided by the theoretical framework chosen for the study. The participants
were advised to remain in their groups for the entire professional development intervention. The topic
of the three states of matter was used as content knowledge, as it is universal across school science
subjects and all grades. In the first workshop (Day 1), the authors worked with the participants to
formulate objectives for professional development, that is, beginning with Stage 1 of the ZPTD.
Determining the objectives of teacher professional development relates to the bottom section
(facilitator: hard scaffold) of the proposed framework (see Figure 1). The participants were introduced
to the concept of self-directedness in teaching. Then PBL as a teaching and learning strategy and how
it can be implemented in the classroom were set out. After that, the Second Generation of the 3C3R
PBL Problem Design Model was used by the participants to plan and design PBL problems. This
model was twofold in that it was used to both generate and assess PBL problems. To assess the PBL
problems planned and designed by the participants for implementation, the authors developed the
3C3R PBL Problem-Related Quality Rating Form. This rating form was used to measure the extent to
which the components of the Second Generation of the 3C3R PBL Problem Design Model were
adhered to or shown, using a positive and negative affect scale developed by Simmons and Lehmann
[42].

On the second day of the workshop, the participants were introduced to simulations showing the
relevance and benefits thereof in the teaching and learning of science. The participants’ exposure to
the concept of self-directedness in teaching, the processes of PBL and the use of simulations took
place following Stage 2 of the ZPTD, as, in this scenario, the authors were the most knowledgeable
others. As the participants had been exposed to both PBL and simulations, they were required to
integrate the two by planning and designing PBL problems relating to the three states of matter within
their groups. This was Stage 3 of the ZPTD, where the participants internalised and applied their
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newly acquired knowledge. It is important to mention that Stages 2 and 3 of the ZPTD relate to the
PBL 3C3R process section, interlinking with soft scaffolding by the facilitator (most knowledgeable
other) and peers on the sides of the proposed framework (see Figure 1).

In the third workshop, the participants presented the PBL problems they had formulated in the form of
a lesson plan to everyone in the workshop. Anyone could comment on it, make suggestions or ask
questions. The problems were then evaluated and refined to align with the implementation of PBL and
science content knowledge and the application of simulations so that teachers can implement them in
their classrooms while teaching the three states of matter. Presenting the formulated PBL problems
and intended simulations was the beginning of Stage 4 of the ZPTD, namely de-automatisation. This
stage related to teachers’ self-monitoring, which enhances their self-directedness in teaching. Lastly,
each participant was provided with a portfolio with processes to carry out and document their
implementation of PBL. This action finalised Stage 4 of the ZPTD by putting theory into practice. The
participants were visited at their schools to observe their implementation of PBL.

3. Results and Discussion

The Shapiro—Wilk test was used to determine the analysis carried out for the PBL instrument. The
results of the study showed a significant difference in the participants’ perceptions of PBL after
attending the intervention and implementing PBL partnered with simulations. This result is interesting,
given that the instrument in question was adapted and used in this context for the first time.
Furthermore, the results of the study are in line with those of another study [35], which showed the
successful implementation of PBL partnered with simulations. Therefore, the conclusion was made
that there was a significant difference between the teacher participants’ perceptions of simulations
before and after the intervention. To compare the pre- and post-intervention results, the Wilcoxon
signed-rank test was conducted. The results of this study showed that the intervention positively
influenced the participants’ perceptions of their self-directedness in teaching, as the mean was higher
after attending the intervention. These results corroborate the results of another study [34], as the
participants could go through all four stages of the ZPTD. The Wilcoxon signed-rank test calculated
was found to be statistically significant. Therefore, the null hypothesis, which states that the median of
differences between the pre- and post-TPD data equals zero, was rejected. It was concluded that
there was a significant difference between the teacher participants’ perceptions of simulations before
and after their introduction to simulations during the intervention.

Interrater reliability coefficients were calculated for each of the teacher assessment and support
consortium principles in the teacher participants’ portfolios and their overall level of proficiency in the
implementation of PBL, respectively. For this, the statistical software Stata was used. Regarding the
principle of ‘adaptation of process and role players of PBL method to meet diverse learners’ learning
needs and styles’, it was found that fewer participants (n = 3) scored 4, showing clear, convincing and
consistent evidence. Most of the participants (n = 5) scored 2, showing limited evidence of
understanding the process of PBL during classroom implementation and the assumption of roles. The
results of this study about the challenges of implementing PBL for the first time are similar to those of
other studies [30, 31]. Regarding the principle of ‘evidence of use of simulations’, the results showed
that most of the teacher participants (n = 7) were able to use simulations, scoring 4. These results are
in line with those of another study [34], which showed that teachers strongly preferred being self-
directed in domains specific to subject matter, digital devices and multimedia. Likewise, in the current
study, the participants showed clear, convincing and consistent evidence of successfully using
simulations in their classrooms. Regarding the principle of ‘assessment of learners’ learning to
improve teaching’, the results showed that only one of the participants obtained a score of 1, which
denotes no evidence of any assessment. This particular participant did not assess the learners’ work
or guide the learners to assess themselves. Furthermore, the results showed that half of the
participants scored 2 (limited evidence). ‘Limited evidence’ refers to a teacher participant’s portfolio
containing only one form of assessment. Clear evidence (score of 3) was provided by two participants,
reflecting that their portfolios contained both teacher- and learner-based assessments. Lastly, one
participant obtained the highest score of 4, showing clear, convincing and consistent evidence of both
teacher- and learner-based assessments.

These results highlighted that science teachers may require more support in assessing learners in
PBL activities. Therefore, lengthy teacher professional development for self-directedness in teaching
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may be advisable. It may also be necessary to spend more time on Stage 2 (‘most knowledgeable
other’ stage) of the ZPTD. The proposed framework of this study shows how science teachers’ self-
directedness can be enhanced in teaching and learning through an intervention. In addition, the PBLT-
SD framework developed here may be easier to follow by other teachers, as they are expected to
monitor their self-directedness in teaching. Any more knowledgeable other, as put by Vygotsky [37],
can guide others when this framework is applied.

4. Conclusion

The results of this study illustrated a significant difference in the science teacher participants’
perceptions of using interactive simulations, PBL and their self-directedness after participating in an
intervention. The intervention combined a teacher professional development intervention and the
classroom implementation of PBL, partnered with simulations. Therefore, it corresponded well with the
theoretical framework of the study, namely ZPTD. Recognising that a teacher should be a lifelong
learner, this study recommends more professional development initiatives for teachers based on
personal, national and professional needs. Applying the framework proposed in this study, such
professional development initiatives can help teachers cope with today’s ever-changing and globally
interconnected world. By doing so, teachers’ self-directedness in implementing innovative teaching
and learning strategies may be enhanced.
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