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Abstract. This scoping review examines the relationship between Brain-based
Learning (BBL) and thinking skills in the context of smart education. The
success of technological advancements in smart education depends on well-
structured pedagogical approaches. The research investigates how BBL based
on cognitive and neuroscience knowledge helps develop thinking skills in smart
education. This review combines 36 studies from 2013 to 2023 through the
Technology-Enhanced Learning of Thinking Skills (TELoTS) and smart
pedagogy frameworks. The research shows that BBL enables students to
develop higher-order thinking skills (HOTS) through learner-centred
approaches that include problem-solving, critical thinking, and metacognition.
The implementation of BBL faces ongoing difficulties related to curriculum
development, assessment consistency, and expert participation. The study
demonstrates how BBL strengthens smart pedagogy through its combination of
cognitive principles with technology-based instruction which produces a
learner-centered and educationally sound teaching model.  Standardized
assessments and interdisciplinary collaboration are recommended to maximize
BBL’s benefits in smart education.
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1 Introduction

Brain-based Learning (BBL) focuses on principles and strategies that align with
natural brain functions [47]. The core objective of BBL is to leverage neuroscience
insights to enhance education by optimizing brain function and fostering a creative
learning environment [96]. By linking BBL principles [13] with the brain’s core
networks, these networks collaborate to facilitate essential cognitive functions,
thereby improving educational outcomes [10, 36, 43]. BBL research on brain-based
optimal education which is built upon knowledge, character and wisdom [96], aligns
with smart education research, which addresses the methodological aspects of smart
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pedagogies and smart learning environments (SLEs) to nurture smart learners [13, 49,
108]. A smart learner encompasses both wisdom and intelligence, enabling quick and
clever thinking with sound judgments and problem-solving skills that are relevant

across diverse cultural contexts in various situations [108].
Comparing BBL to other cognitive and constructivist learning models requires an

examination of its key pedagogical and neurological aspects. BBL draws its
foundation from neuroscience to support instructional methods which match the
brain's natural learning processes [13, 49]. Cognitive learning models focus on
learning mechanisms that involve information processing and working memory,
emphasizing structured learning environments and sequential scaffolding to improve
retention [57]. BBL differs from traditional learning models. It operates through
ongoing, dynamic processes that continually evolve. The learning mechanisms
operate in a fixed linear manner until activation, but BBL exists in a perpetual state of
transformation because they interact reciprocally with their environments. The
ongoing transformation becomes visible in BBL's responses to changing conditions
because their components exist in continuous flux which affects and gets affected by
the entire system [66, 71]. The constructivist approach to inquiry-based learning
places student-centred exploration at its core, as students create new knowledge
through connections to their existing knowledge base [104]. Both BBL and
constructivism promote active, engaged learning. BBL stands out because it
incorporates findings from neuroscience on how emotions and sensory inputs
influence memory retention [13, 54]. The comparison shows that constructivism
focuses on student knowledge development, but BBL enhances this process through
neuroscience-based optimisation of experience structure and internalisation [13, 49,
85]. The comparison demonstrates BBL's ability to unite brain science with teaching
methods which tackle both mental and emotional aspects of learning.

Cognitive and emotional domains converge in thinking skills, which involve
analyzing and evaluating information from experiences and observations [7,102].
The literature on thinking skills covers a broad spectrum of cognitive processes.
These skills include key components such as reasoning, creative and reflective
thinking, critical thinking, problem-solving, and argumentation [12], which are
essential for cognitive growth and widely applicable in educational and professional
settings. The Applied Thinking Skills (APTS) framework defines six fundamental
skills: comparing and contrasting, classification and grouping, recognizing reasons
and conclusions, idea generation, decision-making, and problem-solving [11]. It
emphasizes practical approaches that enable learners to structure and evaluate
information more efficiently. Bloom taxonomy classifies thinking skills into lower-
order thinking skills (LOTS) and Higher-order thinking skills (HOTS) [2,73]. HOTS
are essential for developing a 2lst-century generation capable of global
competitiveness, fostering intelligence, creativity, and innovation [105]. A systematic
review highlights that incorporating Higher Order Thinking Skills (HOTS) into
science education provides valuable insights for educators and policymakers, guiding
the development of more effective curricula and learning strategies to prepare
students for an increasingly complex and technology-driven future [23]. The goal of
smart education is to develop a workforce equipped with 21st-century knowledge and
these thinking skills to address societal challenges [108].
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The smart education framework comprises three key components: smart
environments, smart pedagogy, and smart learners, all designed to enhance
educational quality. It emphasizes that effective pedagogy and technology-rich
environments work together to support the development of learners who are adaptive,
engaged, and capable of independent thinking [108]. There are gaps in the existing
literature on smart education that often prioritizes technological innovations over
pedagogical strategies [26, 70], despite evidence [46] that both elements must be
balanced to achieve an effective, human-centric instructional design [67, 108].
Research in smart learning environments (SLEs) suggests that while technological
advancements are pivotal, their effectiveness is largely determined by the underlying
pedagogical strategies [108]. BBL research focuses on creating an optimal learning
environment and model that wisely integrates technology, forming a solid foundation
for smart pedagogy [13, 51, 87, 95, 97, 108], it plays a crucial role in guiding ethical
decision-making within artificial intelligence (Al)-enhanced educational systems [31].
Numerous researchers have highlighted the challenges of applying neuroscience
findings to classroom settings, emphasizing the need for additional research and
practical experimentation in real educational contexts. To tackle this issue, they have
condensed various neuroscientific insights into key principles within the framework
of optimal learning stages [14, 49]. These principles enhance educators'
understanding of the learning process, enabling more informed curriculum design and
instructional decision-making [56, 74, 86].

Previous systematic reviews and meta-analyses have investigated BBL's
theoretical foundations and pedagogical aspects, as well as its learning effects;
however, few studies have examined its application in instructional design for the
development of thinking skills [5, 6, 27, 35, 37, 69]. The context-dependent nature of
smart education effectiveness requires a structured analysis of BBL's role in
developing thinking skills within smart education frameworks [67, 70, 97, 108]. The
evaluation of thinking skills requires essential research on assessment tools,
strategies, and instruments, as well as curriculum design, learning strategies, and
educational technology research that enhance cognitive processes. Systematic
reviews and meta-analyses have evaluated the effectiveness of BBL; however, an
exploratory review is needed to identify research gaps and inform the development of
pedagogy and evidence-based educational policies.

The scoping review investigates BBL thinking skills through the use of
Technology-Enhanced Learning of Thinking Skills (TELoTS) [70] and smart
pedagogy framework [67] as base references. The pedagogical framework guides the
development of smart learning environments, which focus on developing thinking
skills [70]. The smart pedagogy framework provides recommendations for curriculum
design and strategies for implementing intelligent tutoring systems to improve higher-
order thinking skills [67]. The TELoTS framework and Smart Pedagogy framework
differ from traditional educational technology frameworks and generic technology
integration models because they focus on structured pedagogical approaches rather
than digital tools, content delivery, and automation. These frameworks direct
instructional design to thinking skills development to create learning experiences that
extend past technological integration. Through strategic learning activity
orchestration and scaffolding they enhance BBL application in smart learning
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environments to promote deeper cognitive engagement and skill development. These
frameworks have strong justification for inclusion.

This review examines applied principles, curriculum design methodologies,
learning strategies, and educational technologies, as well as assessment tools,
strategies, and instruments used to evaluate thinking skills. The review's primary goal
is to synthesize existing evidence on these topics and identify gaps that can inform the
advancement of smart pedagogy and policy-driven educational strategies, ensuring
that the integration of technology and pedagogy fosters meaningful and effective
learning experiences. By providing a structured and in-depth exploration that extends
beyond previous studies, this scoping review offers fresh insights into optimizing
instructional design for 21st-century learners.

2 Methodology

Methodological frameworks proposed by Levec et al [58] and a checklist from
PRISMA Extension for Scoping Reviews (PRISMA-ScR) [99] were used to conduct
the scoping review. We developed and registered the review protocol under the Open
Science Framework [103]. A streamlined approach to rapid scoping review was used,
with necessary minor changes made during the review process due to time constraints
and resource limitations. These changes included having a single reviewer conduct
the entire literature retrieval and screening process under supervision, limiting
searches to the most relevant databases, not contacting study authors for missing
information, and restricting the extent of analysis [8, 43].

We used 5 electronic databases—Ovid MEDLINE, Embase, Scopus, CINAHL
and Web of Science to apply the same set of keywords with Boolean operators ("brain
based learning" OR "brain based teaching” OR " brain based learning strateg* " OR
"neuropedagogy" OR "brain based" AND "higher order thinking skills" OR "Bloom's
Taxonomy" OR "critical thinking" OR "skill") to locate the relevant articles. A
standardized set of search terms was consistently applied across databases, with minor
adjustments, such as MeSH or Subject Heading field searches, tailored to each
platform's requirements. = We refined our search strategy based on expert
recommendations, as part of our search validation procedure. The reviewer was
guided and consulted by the university librarian to refine the search strategies,
including trying out and selecting suitable databases using the correct steps. We also
refined our search strategy based on existing literature. One crucial adjustment was
made based on a systematic review by Liu et al [61] to replace 'thinking skill' with
'skill' in our search terms, recognizing it as the second most frequently used keyword
after 'critical thinking' in research on thinking skills. This change broadened our
scope to collect relevant but potentially reduces specificity.

The inclusion and exclusion criteria for this review were developed using a
combination of the PICOS (Population, Intervention, Comparison, Outcome, Study
Design) and SPIDER (Sample, Phenomenon of Interest, Design, Evaluation, Research
type) frameworks [19] to ensure a focus on relevant and high-quality studies
addressing the relationship between BBL and thinking skills. The inclusion criteria,
based on the systematic reviews mentioned in the introduction section, are as follows:
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studies that focus on learners of any age group (children, adolescents, or adults) in
formal educational settings, including primary, secondary, and post-secondary
education (Population/Sample). Additionally, studies that explicitly examine BBL
strategies, such as the use of multisensory instruction and priming, as interventions
(Intervention/Phenomenon of Interest) were included. The review focused on studies
that measure or assess thinking skills as an outcome, using instruments and
experimental designs to track changes in cognitive skills (Outcome/Evaluation). The
inclusion criteria extended empirical studies, including quantitative, qualitative, or
mixed methods designs, as well as randomized controlled trials (RCTs) and quasi-
experimental studies (Study Design). Research types considered for inclusion
included peer-reviewed journal articles, conference proceedings, and dissertations
(Research Type). The studies had to have been published within the last 10 years
(2013-2023) and in the English language. We also changed the timeframe to include
only articles published between 2013 and 2023 instead of 2014 to 2024, as the search
was initiated before the end of 2024, and some of the selected databases did not allow
limiting the timeframe by month but only by year.

The selection of a 10-year publication window for this scoping review was based
on the notable advancements in neuro-pedagogy and neuroscience-driven educational
research within the past decade. While research in this field has existed for several
decades, earlier studies often relied on unrefined or unvalidated methodologies. In
contrast, recent years have witnessed significant developments in neuroimaging
techniques, accompanied by the integration of emerging technologies, such as virtual
reality. These advancements have provided more robust, data-driven insights into
BBL. Given the focus on neuroscience and neuro-pedagogy, prioritizing recent
literature ensures that this review captures high-quality, validated research that
reflects the most current technological and theoretical progress in the field.

The exclusion criteria for this review were as follows: studies that did not focus on
the application or effects of BBL or thinking skills development were excluded, as
were those primarily addressing clinical populations (e.g., individuals with
neurological disorders or psychological conditions) without direct relevance to
learning or thinking skills in educational settings. Studies emphasizing technology,
such as apps or software, that did not directly assess their impact on BBL, or
cognitive skill development were also excluded. Additionally, studies focusing on
research methodologies, statistical tools, or measurement instruments unrelated to
BBL were not considered. Neuroscientific research that lacked a clear connection to
educational contexts, learning strategies, or thinking skills was excluded, along with
meta-analyses, systematic reviews, or literature reviews that did not present new
empirical data. Duplicate studies and those for which the full text was unavailable
were also excluded from consideration.

The screening process for the articles involved multiple phases, as shown in
Figure 1, guided by the established inclusion and exclusion criteria. Initially, a
doctoral student conducted the literature search as the primary screener. Duplicate
records were removed using Zotero, followed by a manual review of titles and
abstracts of 636 articles. The screener was able to view only the title, abstract, author,
and publication year of each article, while journal names and country of origin were
concealed to reduce bias and maintain an objective evaluation. The primary focus
was on determining whether the articles met the eligibility criteria based on their titles
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and abstracts, with other bibliographic details consulted only when necessary for the
eligibility assessment. In the second phase, the primary screener examined 131 full-
text articles to evaluate their eligibility for inclusion. In the third phase, 36 articles
were included after excluding 88 articles with documented exclusion reasons. The
entire process of literature retrieval and screening was closely overseen by the main
supervisor, who reviewed the outcomes. Any disagreements or uncertainties were
resolved through discussion between the authors. Notably, the entire screening
process was conducted manually, without the use of automation.

The screening identified 36 articles for synthesis, and data from both quantitative
and qualitative studies were extracted and organized into two tables. The extracted
information included metadata such as author(s), publication year, applied principles
or cognitive theories, as well as details on the development of study materials,
specifically the design and validation of BBL materials and instruments for measuring
thinking skills to ensure data reliability. Additionally, information on participants
(e.g., students, teachers, and other relevant groups) was gathered alongside the
targeted measures and outcomes. The sample size (n) of each study was also
recorded. Furthermore, this review extracted information on designed learning
activities, including learning strategies and educational technologies used [67, 70]
from the selected studies. The data extracted from the two tables in the registered
protocol, along with details on the designed learning activities, were compiled into
Tables 1, 2, and 3 to ensure that the information effectively captures the breadth of
evidence in scoping reviews. Among the 36 included articles, 27 were empirical
studies involving participants, as shown in Table 1 and Table 2 (Appendix A), while 9
studies did not involve any participants, as shown in Table 3 (Appendix A). In terms
of categories of empirical studies, among the 27 empirical studies that involved
participants, 21 studies, as shown in Table 1, were experimental, quasi-experimental,
or mixed-methods studies. Meanwhile, another 6 studies, as shown in Table 2, were
descriptive and involved surveys or interviews. Of the 9 studies that did not involve
any participants, the majority were content analysis and observational studies, as
shown in Table 3.

The characteristics of the tabulated studies were synthesized using a narrative
synthesis approach, as documented in the registered protocol, to identify key themes
and patterns observed across the included studies. The analysis was restricted [39,
66] to analyzing only the information on applied principles or cognitive theories,
outcomes and thinking skills. Restricting the analysis facilitated a more efficient data
extraction process while preserving the accuracy and reliability of the findings.
Focusing specifically on these core areas allowed the analysis to remain aligned with
the aim of this review, which is to examine the relationship between BBL and
thinking skills without being diluted by excessive thematic complexity. Additionally,
this focused approach ensured that the analysis stayed directly relevant to the study’s
goal, preventing diversion into broader aspects of study material development, which
could be more effectively explored using narrative synthesis.

Thematic content analysis was conducted, allowing for the synthesis of all data into
overarching themes while transforming textual information into meaningful codes,
themes, and categories. This approach aligns with systematic review methodologies
used to examine the effects of gamification as a pedagogical tool in learning and
instruction [107], as well as a BBL research in adult education and human resource
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development [45]. Thematic analysis was employed to identify and interpret
recurring patterns of meaning within qualitative data [9], while content analysis was
employed due to its applicability to both qualitative and quantitative data [45, 55].
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Fig. 1. The review screening process for the articles

3 Results

3.1 Characteristics of the Tabulated Studies
Participants. Among the 27 empirical studies, 19 involved students as participants, 4

involved educators (teachers, higher education instructors, and academics), and 3
involved medical professional staff.
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Principles/Cognitive Theory. Sixteen studies from the 36 empirical studies applied
similar brain-based learning principles proposed by specific authors, such as Jensen
[48] and Caine [13-15]. Of these, 4 studies utilized Caine’s 12 principles, 4 adopted
Caine's 12 principles plus 3 foundational elements, and 1 combined Caine’s principles
with other approaches, including brain-compatible and brain-friendly learning.
Additionally, two studies used Jensen’s principles, two incorporated both Jensen’s
and Caine’s approaches, and one combined the approaches of Jensen, Caine, and
Brain Gym. Another 2 studies employed a 4-phase brain-based lesson plan for
simulation, focusing on inquiry, gathering, processing, and application. Most of the
studies (n = 20) applied principles from cognitive theories, often tailored to specific
professional fields. For instance, 6 BBL principles were employed in the context of
design and visual arts education. Additionally, BBL models focusing on knowledge
representation, clinical decision-making, and EEG characteristics were utilized in
clinical decision-making contexts. The embodied cognition approach, particularly the
Mirror Neuron System, was applied within aviation training.

Development of BBL Materials. Among the 36 empirical studies, 30 studies
reported about the development process of BBL materials. Many of the studies (n =
23) designed their BBL materials based on the literature, without involving external
parties other than the research team. One study consulted an expert during the
development phase, while three studies developed BBL materials and subsequently
validated them with input from field experts. Additionally, 1 study employed the 4D
model—comprising the stages of defining, designing, developing, and
disseminating—during the material development process. Two studies utilized either
Plomp's methodology or a modified version of the 4D model (limited to defining,
designing, and developing), involving experts for material validation.

Learning Activities. Of the 36 empirical studies, 25 reported on learning activities
used in BBL materials, with most studies incorporating multiple types of activities.
Among these, videos, animations, or cinema were the most frequently used, appearing
in 8 studies, as were role-play and group work, also found in 8 studies. Hands-on
activities appeared in 6 studies. Images and quizzes were used in four studies each.
Concept maps and physical activities were incorporated in 2 studies each, and having
meals before or during class was also reported in 2 studies. Feedback was noted as an
activity in 2 studies. Less common activities included slides, games, working
memory training, and seminars, each of which appeared in only one study.

Development of Measuring Instruments. Of the 36 empirical studies, 27 provided
information on the development process of BBL measuring instruments, but only 8
addressed the validity and/or reliability of the instruments used. Of these, 3 studies
validated all instruments through expert consultation or specialization and conducted
pilot testing. One study validated all instruments solely through expert review, while
another 2 studies reported validation for only half of the instruments. Additionally,
two studies focused on the reliability of the instruments, and one used a specific,
validated test instrument. Most of the studies (n = 20) used assessments designed by
educators based on the tested subject or by the instrument researcher based on the
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literature, without reporting the validity and reliability of the instruments used. Of
these, one study modified the instruments based on existing assessment rubrics, such
as the Cambridge Speaking Assessment Rubrics, and another study used modified
instruments based on Bloom’s Taxonomy.

Thinking Skills. Among the 36 empirical studies, 30 specifically evaluated thinking
skills as outlined in the introduction. The breakdown of assessed skills was as
follows: reasoning in 8 studies, argumentation in 2, and retention, course knowledge,
and didactic knowledge in 4. Problem-solving was evaluated in two studies:
decision-making in one, critical thinking in five, and creative thinking in one.
Reflective thinking was examined in 2 studies, and metacognition was explored in 1.
Additionally, lower-order thinking skills (LOTS: knowledge, comprehension, and
application) were assessed in 1 study, while general higher-order thinking skills
(HOTS) were evaluated in 1 study. Another 10 studies evaluated skills related to
thinking such as literacy skills, mathematical skills and executive function. Several
studies (n=6) showed that thinking skills were not directly measured as outcomes but
were incorporated into the BBL framework through the instructional design.

Effectiveness of BBL Strategies in Enhancing Different Types of Thinking Skills.
Among the 36 studies, 31 reported that BBL positively influenced thinking skills,
with 1 study showing that BBL affected cognitive, affective, and metacognitive
aspects but had no significant impact on critical thinking. Educators from 4 studies
acknowledged the role of BBL in enhancing thinking skills, but two of the studies
also mentioned difficulties in implementing BBL. The studies varied in sample size,
ranging from small groups (n = 5) to larger groups (n = 512). This variation could
impact the generalisability of the findings.

3.2 Thematic Content Analysis Results
Based on the identified frequently used phrases from information on principles,
cognitive theories, outcomes, and thinking skills, five themes emerged and are

summarised as shown in Table 4 and Table 5.

Table 4. Thematic analyses: BBL

Frequently Used Phrases: Principles/Cognitive BBL Themes
Theories

“12 BBL principles” , “3 BBL foundational BBL

elements”, 7 stages of brain-based planning”  Frameworks
“model”, “4-phase brain-based lesson plan”, Instructional
“framework” models
"cognitive", "EEG" Cognitive
Mechanisms
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Table 5. Thematic analyses: Thinking skill outcome

Frequently Used Phrases: Outcomes And Thinking Skill
Thinking Skills Outcome

Themes

“significantly higher”, “significantly Comparative

improve”, “significant”, “control group” Performance
Analysis

“not reported” Non-
Comparative
Performance
Analysis

Table 6. BBL principles organized in relation to components of the smart pedagogy framework

BBL Principles/ Cognitive theory

Thinking skill BBL Instructional Cognitive
outcomes Frameworks Models Mechanisms
Comparative

Performance

Analysis 12 5 3
Non-Comparative

Performance

Analysis 7 4 5

Based on the emerging themes for BBL across all 36 studies, 19 studies fall under
the "BBL Frameworks" category, nine studies fall under the "Instructional Models"
category, and eight studies fall under the "Cognitive Mechanisms" category.
Regarding the themes related to thinking skills outcomes across all analyzed studies,
20 studies fall under "Comparative Performance Analysis", while 16 studies fall
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under "Non-Comparative Performance Analysis." These themes have been converted
into a co-occurrence matrix to visualise the relationship between BBL themes and
thinking skills outcome themes using a heatmap, as shown in Table 6. The values
represent the frequency with which each BBL theme is associated with a thinking
skills outcome theme.

4 Discussion

This scoping review explored the relationship between BBL and thinking skills
through a systematic synthesis of 36 studies. Although not a formal meta-analysis,
our thematic aggregation and frequency-based synthesis provide a meta-analytic
orientation that yields several effective insights and methodological reflections. Both
the TELoTS framework [70] and the smart pedagogy framework [67] serve as
foundational references, in designing SLEs [67, 70] and the pedagogical contexts
within them. Researchers analyzed these through a Technology-Enhanced Learning
perspective [95]. In this paper, BBL studies emphasizing the cultivation of thinking
skills are reviewed. The findings indicate that almost half of the studies applied
cognitive theories tailored to specific professional fields, while 44% (16/36) of the
studies incorporated BBL principles introduced by BBL experts such as Caine [13]
and Jensen [49]. Findings from educational neuroscience research have motivated
educators to develop Brain-Based Learning (BBL) approaches [79]. These experts in
BBL provide frameworks that are both straightforward and grounded in an
understanding of neuroscience [16, 45], which relate to the theme of BBL
frameworks. Educators utilize these principles to select brain-aligned methods that
foster active learning [27,28, 93]. Teachers then act as facilitators in this process
[93]. Such student-centred learning design corresponds to student-centred
pedagogical approaches that are widely supported in SLEs [89, 95]. BBL also
supports SLEs by enabling the creation and integration of diverse learning resources
with technologies, including documents and videos [21, 22, 59, 60, 76, 82, 90, 91,
100]. This result aligns with findings from a systematic review on the teacher's
requirement to possess a well-integrated understanding of lesson content, diverse
pedagogical methods, and the appropriate technological tools to enhance learning
based on neuroscience [80].

The findings of this review, as presented in Table 1 and Table 3, indicate that
BBL studies are organized around the main components of the smart pedagogy
framework [67] as shown in Figure 2. Researchers used core principles or cognitive
theories as key elements to shape curriculum design and guide the development of
learning resources. As in Figue 2, teaching strategies encompass a range of learning
activities that incorporate both educational methodologies and technological tools [55,
95]. Fifty six percent (20/36) of the studies applied different cognitive theories
tailored to specific professional fields related to the theme of cognitive mechanisms.
These studies designed BBL material and learning activities aligned with the chosen
cognitive theories and study contexts.
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Fig. 2. BBL principles or cognitive theories as key elements to shape curriculum design and
guide teaching strategies incorporating educational methodologies and technological tools

One study found that students who learned with a human-like pedagogical agent
(PA), designed according to social agency theory and incorporating eye gaze and
gestures into online multimedia lessons, achieved higher scores on learning outcome
tests. Neurophysiological measures also indicated increased brain activity in regions
associated with social processing during learning [59]. This underscores the potential
of integrating such PA into Al-driven tutoring systems to enhance engagement and
cognitive processing [54] within SLEs aligned with BBL. This can be applied in
digital learning platforms by incorporating virtual guides that emulate human traits,
such as expressive facial gestures and body language to enhance learner motivation
and support metacognitive development. BBL contributes to smart pedagogy by
informing the development of more human-centric, pedagogically sound smart
education practices

A key takeaway is BBL’s versatility and applicability in low-resource settings.
Contrary to the perception that neuroscience-based methods are resource-intensive,
this review reveals BBL can promote equity by providing cost-effective and flexible
strategies. BBL, which encompasses methods such as multimodal instruction,
sensory involvement, and emotional engagement, can be adapted to suit educational
settings with limited resources. For instance, sensory-based activities such as role-
playing, group work [4, 17, 18, 21, 35, 44, 75, 82], or incorporating movement into
lessons [75, 83] do not rely on expensive technology but still effectively stimulate
different areas of the brain to promote learning. Application in real classrooms can
involve having teachers implement inquiry-driven collaborative projects where
students explore real-world problems, co-create solutions, and communicate their
findings through methods such as storytelling or classroom simulations. This strategy
effectively engages students on an emotional level while also enhancing their critical
thinking skills. Similarly, affordable tools such as free online videos [98] or the
creation of visual learning materials [21, 59, 60, 76, 82, 90, 91, 100] can help create
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immersive learning experiences without requiring advanced resources. The feasibility
of BBL in these contexts is enhanced by its focus on active learning and emotional
connection, which can be facilitated through simple, low-cost activities such as
storytelling, collaborative tasks, or hands-on learning [17, 18, 27, 32, 65, 75] using
everyday items. By emphasising these adaptable techniques, BBL remains an
accessible and practical teaching approach, even in settings with financial limitations,
supporting cognitive growth with minimal financial investment.

The results reveal that 77% (23/30) of the studies reporting on the development of
BBL materials relied solely on literature-based design without external collaboration
beyond the research team. While integrating insights from learning science literature
is essential for aligning metacognitive processes with instructional strategies in smart
learning environments (SLEs) [71], expert involvement in curriculum design remains
crucial [48, 71]. This is particularly important for cognitive task analysis [71] and
ensuring that contextual factors and technological integration are effectively
considered in the implementation of smart education [46]. The results, as presented
in Table 1 and Table 2, indicate that 74% (20/27) of the studies utilized assessments
created either by educators based on the subject being tested or by instrument
researchers drawing from existing literature. However, these studies did not report
the validity or reliability of the assessment instruments used. @The TELoTS
framework suggests that literature analysis can be a useful method for identifying
competencies, especially when previous research has already broken down a thinking
skill into sub-skills and measurable competencies. However, it may not always
provide a complete framework. In some cases, existing literature may only offer a
partial understanding or fail to provide a comprehensive definition of certain thinking
skills [70]. This gap reinforces a key takeaway from BBL research, which highlights
the need for stronger methodological standardization in both curriculum and
evaluation tools to ensure transferability and scalability.

Two meta-analyses on BBL emphasized the need for the standardized
development and validation of instructional tools to reliably measure BBL's cognitive
benefits across diverse educational contexts [35, 39]. These meta-analyses have
produced mixed results regarding BBL’s overall effectiveness. Funa’s study reported
a significant effect size (ES = 3.135), highlighting a strong positive impact of BBL on
cognitive skills and conceptual understanding, particularly in STEM education [35].
In contrast, Goziiyesil and Dikici found a more moderate effect size (d = 0.64) when
evaluating academic achievement, suggesting that BBL’s effectiveness depends on
the specific outcomes assessed and the research methodologies used [41]. This
scoping review aligns with Funa’s findings, confirming BBL’s potential to enhance
thinking skills required for conceptual understanding and academic performance [35].
However, it also identifies inconsistencies in the validation of BBL materials.
Differences in the application of BBL strategies, as well as variations in effect size
calculation methods may contribute to these discrepancies. These findings
underscore the importance of establishing standardized methods for developing and
validating instructional materials to ensure the reliable measurement of BBL’s
cognitive benefits across different educational settings, echoing calls from meta-
analysts for greater rigor in measuring study outcomes.

BBL has a positive influence on the cultivation of thinking skills according to the
results. The most frequently measured thinking skill is reasoning. HOTS variables
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such as the cognitive domain of Bloom's taxonomy, problem-solving, critical
thinking, reflective thinking, metacognition and creative thinking [55,56] are also
found in 9 studies among the reviewed studies [23, 27, 32, 34, 42, 60, 62, 76, 100].
This scoping review offers a comprehensive analysis of the connection between BBL
and thinking skills, drawing insights from a range of empirical studies. Studies
demonstrate that BBL strategies can have a direct impact on improving thinking skills
[54, 56, 64], a finding that aligns with the conclusions of this review. At the same
time, thinking skills can influence both the application and effectiveness of BBL
strategies. In certain studies, thinking skills were not assessed as distinct variables
but were embedded within the BBL framework as part of the instructional approach.
This integration suggests that incorporating thinking skills into BBL enhances its
overall effectiveness, fostering deeper cognitive engagement and leading to improved
learning outcomes. These findings suggest that thinking skills are not merely a
byproduct of BBL but rather play an active role in shaping the learning experience.

BBL offers an innovative educational paradigm that nurtures human potential for
the evolving future [96], which can contribute to the goal of smart education in
cultivating smart learners [108]. Integrating neuroscience with the enhancement of
thinking skills presents a novel approach to the existing literature, particularly when
investigated through innovative experimental methodologies and fresh theoretical
perspectives. The distinctiveness of this approach lies in applying neuroscience to
substantiate and refine these educational strategies [56, 75, 86]. Emerging
neuroeducation research, including the utilization of neuroimaging technologies such
as EEG and fNIRS [10, 36, 49, 55] to observe cognitive changes during BBL
interventions [56], offers new insights into how brain activity is linked to the
development of critical thinking, problem-solving, and creativity [52].

Integrating BBL into smart education requires a well-structured approach to
interaction design, ensuring that learning environments are both engaging and
effective. A study utilized brain imaging techniques to examine cognitive activity
during the initial stages of design, emphasizing the importance of aligning design
processes with cognitive functions [33]. This study aligns with one of the included
studies on brain-based medical education, which analyzed EEG patterns to
differentiate expert and novice clinical decision-making, ultimately guiding the
development of BBL strategies for medical expertise [S0]. The role of cognitive
processes in clinical decision-making is like that of cognition and behaviour in
optimizing interfaces and experiences in interaction design. Both fields leverage
brain activity analysis to enhance learning, problem-solving, and expert performance.
By adopting these interaction design strategies, educators can develop brain-
compatible smart learning environments that support critical thinking and cognitive
skill development.

Based on the review findings, a set of initial design guidelines can be proposed for
educators and educational technology developers seeking to incorporate BBL into
their instructional environments. Key considerations include structuring learning
experiences around core BBL principles, such as fostering emotional connection,
integrating multiple sensory modalities, and ensuring relevance to learners' contexts.
Educators should also incorporate reflective tasks and encourage group-based
problem-solving, while designing activities that align with learners’ cognitive
readiness and developmental progression. In digital learning contexts, embedding
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features such as responsive, human-like virtual tutors and systems that provide
tailored feedback can enhance learner engagement and facilitate deeper metacognitive
processes. These principles offer a practical framework for designing effective,
neuroscience-informed SLEs.

5 Limitations and Future Research Directions

While this review provides a comprehensive overview, it is essential to acknowledge
its limitations, including potential publication bias and variability in the quality of the
included studies. The included studies reveal several methodological flaws that could
affect the overall conclusions of the review. One key weakness is the limited
validation of the instruments used to evaluate the effectiveness of BBL strategies [18,
36, 60, 82, 81, 89]. Many studies employed custom-made tools without adequate
testing for validity or reliability, which raises concerns about the accuracy of the
findings. Another issue is the small sample sizes, which limit the generalisability of
the results. Studies with restricted participant numbers, particularly those focused on
specific educational contexts, may not capture the full scope of BBL’s potential
impact.

Additionally, inconsistencies in study designs, ranging from quasi-experimental
methods to purely descriptive approaches, complicate the assessment of BBL's
influence on thinking skills. Notably, the absence of control groups in several studies
(Tables 2 and 3) makes it challenging to attribute any observed benefits to BBL
interventions with confidence. These limitations underscore the need for more
rigorous research methodologies, including larger and more diverse sample sizes,
validated measurement tools, and carefully designed experiments, to provide stronger
and more reliable evidence of BBL's effectiveness in fostering cognitive
development. While the streamlined approach in this rapid scoping review may
introduce certain biases, these pragmatic adjustments were deliberately chosen after
thoroughly evaluating team expertise, literature scope, review objectives, synthesis
methods, limitations, and intended audiences to maintain a balance between
efficiency and methodological rigour under constraints of time and resources [8, 43].
This review methodology is becoming increasingly essential for evidence-informed
decision-making in education, particularly in designing and conducting rapid
evidence syntheses that prioritize transparency and replicability while upholding the
essential methodological standards [100].  Future research should focus on
longitudinal studies to assess the sustained impact of BBL strategies over time, as
well as comparative studies to evaluate the effectiveness of different BBL models.
Additionally, expanding the participant pool to include diverse educational settings
and learner demographics could yield insights into the generalisability of findings.

6 Conclusion

This review underscores the potential of BBL to enhance thinking skills. However, it
also reveals variability in outcomes depending on methodological choices and

72



Interaction Design and Architecture(s) Journal - IXD&A, N.67, 2025, pp. 58 - 96
DOI: 10.55612/s-5002-067-003

contextual factors. To address this gap, policymakers and educators should
incorporate neuroscience-based pedagogy into teacher education programmes,
equipping instructors with a comprehensive understanding of the subject matter, a
range of teaching strategies, and effective technological integration [20, 79, 80].
Moreover, establishing standardized frameworks for developing and validating BBL-
driven instructional materials is crucial for enhancing the consistency and accuracy of
cognitive assessments. Additionally, expanding equitable access to smart learning
technologies will enable students from all socioeconomic backgrounds to benefit from
BBL-enhanced education. By adopting these approaches, educational institutions can
cultivate dynamic, technology-supported, student-centred learning environments [81]
that support the broader objective of smart education in preparing learners for the
complexities of a knowledge-driven world. Smart pedagogy, SLEs, and smart
learners are three elements involved in smart education that can benefit from BBL,
ultimately contributing to SLEs that enhance thinking skills and benefit smart
learners, as illustrated in Figure 3.

smart education

BBL ‘

Smart learning
environments

\ 4

Smart pedagogies

vy -

Thinking
skills

Smart learners <

Fig. 3. Elements involved in smart education that can benefit from BBL

BBL establishes a structured foundation for smart pedagogy with a collection of
innovative teaching strategies designed for smart learning environments [13, 54, 67,
97]. BBL can contribute to SLEs by highlighting the importance of creating a
technology-driven learning environment that fosters effective learning while
advocating for a wisdom-based educational approach to guide the use of technology
[67, 95, 97]. Smart learners can benefit from BBL, which incorporates student-
centred learning, to cultivate their thinking skills [67, 70, 97].

Protocol Registration - Open Science Framework:
https://doi.org/10.17605/0OSF.I0/CQ2WX
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