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ABSTRACT

This study investigated the effectiveness of an integrated framework
combining Augmented Reality (AR)-supported Problem-Based Learning (PBL)
with scaffolding to improve primary students’ critical thinking skills and
teaching practices. A quasi-experimental design was conducted with 150
fourth-grade students in Central Kalimantan, Indonesia. The experimental
group (n = 75) received AR-supported PBL with scaffolding, whereas the
control group (n = 75) received conventional instruction. Instrument validity
was established through EFA and CFA. Non-parametric analyses showed
significantly higher critical thinking performance in the experimental group
(p < .001), with a large effect size (Hedges’ ¢ = 1.23) and moderate learning
gain (N-gain = 0.52). Classroom observations indicated high levels of
instructional facilitation, scaffolding implementation, student engagement,
and AR integration. The findings extend socio-constructivist perspectives by
highlighting the role of AR as a pedagogically embedded cognitive support
within inquiry-based learning environments.
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complex real-world problems, making it a fundamental
competency for lifelong learning (Aktoprak & Hursen,

The growing demands of 21st-century education
require students not only to acquire knowledge but also
to develop higher-order thinking skills, particularly
critical thinking. Critical thinking enables learners
to analyze information, evaluate evidence, and solve

2022). However, in primary education contexts, the
development of critical thinking remains a persistent
challenge (Calma & Cotronei-Baird, 2021). Classroom
practices are still frequently dominated by teacher-
centered instruction, where students tend to receive
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information passively rather than actively engage in
inquiry and reasoning processes (Anggraeni et al.,
2023; Chen & Tsai, 2021; Woods & Copur-Gencturk,
2024).

Empirical studies in elementary science
classrooms further indicate that students often
struggle to interpret abstract concepts, construct
logical explanations, and draw evidence-based
conclusions (Vincent-Lancrin et al., 2019). These
limitations suggest that conventional instructional
approaches may not adequately support the
development of higher-order thinking skills at early
educational stages. This issue is particularly critical
in primary education, where foundational cognitive
abilities are established and significantly influence
future learning outcomes.

Problem-Based Learning (PBL) has been widely
recognized as an effective pedagogical approach
to promote critical thinking by situating learning in
authentic problem contexts (Ferrero et al., 2021;
Lu et al., 2025; Manuaba et al., 2022). Through
PBL, students are encouraged to investigate real-
life problems, collaborate with peers, and construct
knowledge actively. Nevertheless, the effectiveness
of PBL in primary education is often constrained
by students’ limited ability to independently
regulate their learning processes. Without sufficient
instructional support, students may experience
cognitive overload, which reduces the potential
benefits of problem-based learning (Arega & Hunde,
2025; Gkintoni et al., 2025).

To address this limitation, scaffolding has been
proposed as a critical instructional mechanism.
Grounded in socio-constructivist theory and the
concept of the Zone of Proximal Development,
scaffolding provides structured and temporary support
that enables learners to accomplish tasks beyond their
current level of competence (Ahmed Abdel-Al Ibrahim
et al., 2023; De Ledn, 2012; Lange et al., 2023). In
PBL environments, scaffolding can guide students
in organizing information, understanding problem
contexts, and developing solutions systematically,
thereby enhancing both learning effectiveness and
cognitive engagement (Tsakeni et al., 2025).

To address this limitation, scaffolding has been
proposed as a critical instructional mechanism.

Grounded in socio-constructivist theory and the
concept of the Zone of Proximal Development,
scaffolding provides structured and temporary support
that enables learners to accomplish tasks beyond their
current level of competence (Ahmed Abdel-Al Ibrahim
et al., 2023; De Ledn, 2012; Lange et al., 2023). In
PBL environments, scaffolding can guide students
in organizing information, understanding problem
contexts, and developing solutions systematically,
thereby enhancing both learning effectiveness and
cognitive engagement (Tsakeni et al., 2025).

In parallel with pedagogical innovation, the
integration of educational technology has become
increasingly important in supporting meaningful
learning experiences. Augmented Reality (AR), in
particular, offers significant potential for enhancing
primary education by enabling the visualization of
abstract concepts through interactive and immersive
representations (Kazlaris et al., 2025; Na et al.,
2025). AR allows students to interact with digital
objects within real-world environments, thereby
improving engagement, motivation, and conceptual
understanding (Amores-Valencia et al., 2022; Cai et
al., 2021). However, the effectiveness of AR largely
depends on how well it is integrated with appropriate
pedagogical strategies rather than being used as a
standalone tool (Ates, 2025).

Although prior studies have demonstrated the
individual or dual effectiveness of these components,
research that integrates PBL, scaffolding, and AR into
a coherent instructional framework remains limited.
To date, existing literature reveals significant
conceptual gaps in how these elements intersect. For
instance, (Hou & Keng, 2021) successfully integrated
scaffolding mechanisms within AR environments, yet
their framework was confined to educational board
games and did not incorporate the open-ended
inquiry structure of PBL or examine actual teaching
practices. Conversely, while (Arici & Yilmaz, 2023)
investigated the application of AR-supported PBL in
science education, their model overlooked the formal
role of systematic scaffolding required to mitigate the
resulting cognitive load in elementary-aged learners.
Furthermore, studies such as the one by (Tirado-
Morueta et al., 2024) have underscored how teacher
scaffolding shapes student engagement during
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inquiry-based projects, but they did not explore
the pedagogical integration of immersive tools like
AR within that dynamic. Consequently, empirical
evidence remains scarce regarding how a tripartite
integration  simultaneously enhances  student
outcomes and transforms classroom instruction in
primary science settings.

This study directly addresses these gaps by shifting
the focus from an incremental combination of tools
toward evaluating a synergistic cognitive support
system. In primary education—where foundational
cognitive processing and visual representation are
tightly intertwined—PBL serves as the inquiry anchor,
AR contextualizes abstract scientific concepts, and
scaffolding actively mitigates cognitive overload.
Moreover, this study extends the existing paradigm,
which heavily favors student learning outcomes
(Abedi, 2024), by simultaneously examining observed
teaching practices (teaching practice) to provide a
holistic view of classroom delivery. Accordingly, this
study is guided by the following research questions:

1. Does the implementation of Augmented
Reality-supported Problem-Based Learning
with scaffolding significantly improve students’
critical thinking skills compared to conventional
instruction?

2. How is teaching practice characterized during
the implementation of this instructional
approach in terms of instructional facilitation,
student engagement, scaffolding, and technology
integration?

METHOD

Research Design

This study employed a quasi-experimental pretest-
posttest control group design to examine the
effectiveness of Augmented Reality-supported
Problem-Based Learning with scaffolding on
students’ critical thinking skills. The intervention
was implemented in intact fourth-grade classrooms
over six instructional sessions on energy and its
transformations. The experimental group received
the integrated intervention, whereas the control
group received conventional instruction. Baseline
equivalence testing confirmed no significant
differences between groups prior to the intervention.
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Standardized lesson plans, teacher training, and
implementation fidelity monitoring were employed
to strengthen internal validity.

Participants and Research Context

The participants of this study were 150 fourth-grade
students in Indonesia. The sample was selected
using purposive sampling based on similarities in
curriculum, student characteristics, and school
accreditation level. Participants were assigned at the
class level (cluster-based assignment), resulting in an
experimental group (n = 75) and a control group (n =
75). The students were aged between 9 and 11 years
and had comparable prior exposure to the science
curriculum. Ethical considerations were addressed by
obtaining informed consent from parents or guardians
prior to data collection.

Research Instruments

Students’ critical thinking skills were measured
using a researcher-developed test consisting of 20
multiple-choice items representing four dimensions:
analysis, inference, evaluation, and explanation.
Each item was designed as a contextual problem-
solving scenario rather than a factual recall question.
Such formats have been recognized as reliable and
objective measures of higher-order thinking skills,
including analysis, inference, and evaluation (Ennis,
2011; Halpern, 2013).

Content validity was established through expert
review by three specialists in science education
and educational measurement. The instrument
was piloted with 60 fourth-grade students from a
comparable school who were not included in the main
study. Reliability analysis yielded a KR-20 coefficient
of 0.81, indicating good internal consistency.
Iltem difficulty ranged from 0.34 to 0.68, while
discrimination indices ranged from 0.32 to 0.71.

Construct validity was initially explored through
Exploratory Factor Analysis (EFA) on the pilot sample.
The Kaiser-Meyer-Olkin value was 0.83 and Bartlett’s
test of sphericity was significant (p < .001), indicat-
ing suitability for factor analysis. Four factors cor-
responding to the theoretical dimensions of critical
thinking were identified. Construct validity was sub-
sequently confirmed through Confirmatory Factor
Analysis (CFA) using the full study sample (n = 150).
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Teaching practice was assessed through struc-
tured classroom observations covering instructional
facilitation, scaffolding implementation, student en-
gagement, and Augmented Reality integration. Ob-
servations were conducted across all six instructional
sessions in the experimental group using a five-point
Likert scale and were independently rated by two
trained observers. Inter-rater reliability was strong
(Cohen’s k = 0.82). Observation data were collected
to evaluate implementation quality and instructional
processes within the intervention condition.

Procedure of the Study

The study was conducted in three stages. First, both
the experimental and control groups completed a
pretest to assess their initial critical thinking skills.
Second, the intervention was implemented over six
instructional sessions, each lasting approximately 80
minutes. The experimental group received Augment-
ed Reality (AR)-supported Problem-Based Learning
with scaffolding, while the control group received
conventional instruction consisting of teacher expla-
nation and individual exercises. The AR intervention
employed a marker-based application, Interactive
Energy Matrix (IEM), developed using Unity and Vufo-
ria. Students interacted with three-dimensional sim-
ulations of energy transformation concepts through
tablet devices integrated into inquiry-based learn-
ing activities. Instruction was delivered by regular
classroom teachers who received prior training on
the implementation of the instructional framework.
To ensure consistency across classrooms, teachers
followed standardized lesson plans and instruction-
al procedures, while implementation fidelity was
monitored using structured observation checklists
throughout the intervention.

Data Analysis
The collected data were analyzed using descriptive

and inferential statistics. Descriptive statistics
(means and standard deviations) were used to
summarize  student performance. Assumption

testing was conducted using the Shapiro-Wilk test
for normality and Levene’s test for homogeneity of
variance. Because the test scores were not normally
distributed (p < .05), non-parametric analyses were
employed. The Mann-Whitney U test was used to
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compare posttest and gain scores between groups,
while the Wilcoxon signed-rank test was applied to
examine within-group improvements from pretest
to posttest. Learning improvement was further
assessed using normalized gain (N-gain). Practical
significance was evaluated using Hedges’ g and the
non-parametric effect size r. To control for baseline
differences, multiple linear regression was conducted
with posttest scores as the dependent variable, group
as the independent variable, and pretest scores as
a covariate. All statistical analyses were performed
using IBM SPSS Statistics version 26. Confirmatory
Factor Analysis (CFA) was conducted using AMOS
version 26 and evaluated using standard model-fit
criteria, including the Comparative Fit Index (CFI >
0.90), Tucker-Lewis Index (TLI = 0.90), and Root Mean
Square Error of Approximation (RMSEA < 0.08).

Ethics Statements

This study was approved by the Ethics Committee of
Muhammadiyah University of Malang (Approval No.
231/UMM/EC/U/2025; 10 July 2025). All procedures
involving human participants were conducted in
accordance with institutional ethical standards.
Informed consent was obtained from all participants
prior to data collection.

REsuLTs

Baseline Equivalmmmence

Before the instructional intervention, baseline equiv-
alence between the experimental and control groups
was examined to ensure internal validity. Establishing
equivalence at the pretest stage is essential to con-
firm that posttest outcomes can be attributed to the
intervention rather than pre-existing disparities. As
shown in Table 1, descriptive statistics indicated that
the experimental group obtained a mean pretest score
of 55.8 (5D = 12.4), while the control group achieved
a mean score of 56.3 (SD = 11.9). The minimal differ-
ence in mean scores (A = 0.5) suggested comparable
initial performance levels. Assumption testing via the
Shapiro-Wilk test indicated that pretest data were
not normally distributed (p < .05), though Levene’s
test satisfied the assumption of homogeneity of vari-
ance (p > .05). Consequently, a Mann-Whitney U test
confirmed no statistically significant difference be-
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tween groups at baseline (U = 2765.50, Z=-0.21, p =
.834). The negligible effect size (r = 0.02) indicates
that the two groups were statistically equivalent pri-
or to the intervention.

Within-Group Improvement

Wilcoxon signed-rank tests indicated significant
improvements in both groups. However, the experi-
mental group demonstrated a larger effect (Z = -7.45,
p < .001, r = 0.61) than the control group (Z = -4.12,
p < .001, r = 0.34), suggesting stronger gains in criti-
cal thinking skills following the intervention.

Intervention Effectiveness

Following the intervention, a posttest comparison
was conducted to determine the effectiveness of the
integrated approach. Based on the detailed data in
Table 1, the experimental group achieved a higher
median score (Mdn = 79.0) compared to the control
group (Mdn = 65.0). A Mann-Whitney U test revealed
that this difference was statistically significant (U =
1568.00, Z = -5.87, p < .001), with a large effect size
(r = 0.48). The experimental group also demonstrated
more consistent performance with a slightly narrower
interquartile range compared to the greater
variability in the control group. Mean scores further
supported this consistency, with the experimental
group (M =78.6, SD = 10.2) outperforming the control
group (M = 65.1, SD = 11.3). These findings reinforce
the conclusion that the integrated AR-supported PBL

with scaffolding is significantly more effective than
conventional instruction in primary education.

To complement the posttest comparison, learning
improvement was further examined using gain scores
and normalized gain (N-gain). While inferential sta-
tistics provide evidence of group differences, gain
analysis offers additional insight into the magnitude
of learning progress. The results showed that the
experimental group achieved a substantially higher
mean gain score (M = 22.8, SD = 9.6) compared to
the control group (M = 8.8, SD = 7.4), resulting in a
gain difference of 14.0 points. This finding suggests
that students in the experimental group experienced
more pronounced learning progress over the course
of the intervention. A Mann-Whitney U test was con-
ducted to determine whether the difference in gain
scores between groups was statistically significant.
The analysis revealed a significant difference (U =
1492.00, Z = -6.12, p < .001), indicating that the ob-
served improvement in the experimental group was
not due to chance.

To assess the effectiveness relative to the
maximum possible improvement, normalized gain
(N-gain) was calculated. The experimental group
achieved an average N-gain of 0.52, which falls within
the medium category, whereas the control group
obtained an N-gain of 0.20, categorized as low. This
suggests that the instructional intervention not only
improved performance but also accelerated the rate
of learning. The effect size for the gain comparison,

Table 1: Descriptive Statistics of Critical Thinking Scores

Group N Pretest M (SD) | Posttest M (SD) Gain Median (Post) IQR
Experimental 75 55.8 (12.4) 78.6 (10.2) 22.8 79.0 12
Control 75 56.3 (11.9) 65.1 (11.3) 8.8 65.0 15

Table 2: Inferential and Learning Gain Results
Effect Mean SD

Comparison Test Z p-value | Size (r) Gain Gain N-gain Category
Experimental vs Control Mann-Whitney U | -0.21 | .834 0.02 - - - Negligible
Experimental Wilcoxon -7.45 | <.001 0.61 - - - Large
Control Wilcoxon -4.12 | <.001 0.34 = : . Moderate
Experimental vs Control Mann-Whitney U | -5.87 | <.001 0.48 - - - Large
Experimental - - - - 22.8 9.6 0.52 Medium
Control : : - - 8.8 7.4 0.20 Low
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calculated using r = Z / /N, was 0.50, indicating a
large effect. This confirms that the intervention had
a substantial practical impact on students’ learning
improvement.

Effect Size Analysis

To evaluate the practical significance of the
intervention, complementary effect size measures
were calculated based on posttest scores. The mean
difference between the experimental and control
groups was 13.5 points. To ensure optimal statistical
correction for a sample size of 150 students, Hedges’
g was applied as the primary parametric effect
size standard, yielding a robust value of 1.23. This
indicates an extremely large instructional effect,
with the 95% confidence interval ranging from 0.91 to
1.54, safely excluding zero and confirming practical
robustness. Additionally, the non-parametric effect
size derived from the Mann-Whitney U test (r =
0.48) cross-validated this large practical impact.
Collectively, these streamlined indices confirm that
the intervention had a substantial and meaningful
impact on students’ critical thinking performance.

Regression Analysis

Regression analysis controlling for pretest scores
indicated that group membership remained a
significant predictor of posttest performance (8
= 0.52, p < .001). Pretest scores also significantly
predicted posttest outcomes (8 = 0.41, p < .001). The
overall model was significant (F = 58.73, p < .001)
and explained 44% of the variance in posttest scores
(R? = 0.44), providing additional evidence for the
effectiveness of the intervention.

Instrument Quality Summary
To ensure the quality of the measurement instrument,

Table 3: Regression Analysis Controlling for Pretest

Predictor B SE B t p-value

Constant 12.45 | 4.12 - 3.02 |.003

Pretest 0.48 0.07 0.41 [6.85 |<.001

Group 13.12 | 1.94 0.52 |6.76 | < .001
(0=Control,
1=Experi-

mental)

Note: RZ = 0.44; F (2,147) = 58.73, p < .001.
246

item analysis and construct validity testing were
conducted. As presented in Table 4, item difficulty
indices ranged from 0.34 to 0.68, while discrimination
indicesranged from0.32t00.71, indicating acceptable
psychometric properties across all items. Construct
validity was initially examined through Exploratory
Factor Analysis (EFA) using pilot data. The Kaiser-
Meyer-Olkin (KMO) value of 0.83 and a significant
Bartlett’s test of sphericity (p < .001) confirmed
the suitability of the data for factor analysis. Four
factors corresponding to the theoretical dimensions
of critical thinking were extracted, explaining 68.4%
of the total variance, with factor loadings ranging
from 0.56 to 0.84. To further validate the factor
structure, Confirmatory Factor Analysis (CFA) was
conducted using the full study sample (n = 150). As
shown in Table 5, the model demonstrated good fit

Table 4: Instrument Validation Summary

Difficulty | Discrimina- EFA
Item | Indicator (p) tion (D) Loading
AN1 | Analysis 0.52 0.61 0.78
AN2 | Analysis 0.48 0.58 0.74
AN3 | Analysis 0.55 0.63 0.81
AN4 | Analysis 0.60 0.67 0.79
AN5 | Analysis 0.50 0.59 0.76
IN6 Inference 0.55 0.63 0.82
IN7 Inference 0.58 0.66 0.79
IN8 Inference 0.60 0.71 0.81
IN9 Inference 0.57 0.65 0.76
IN10 | Inference 0.53 0.61 0.78
EV11 | Evaluation |0.44 0.52 0.74
EV12 | Evaluation | 0.48 0.55 0.76
EV13 | Evaluation | 0.42 0.50 0.72
EV14 | Evaluation | 0.50 0.60 0.70
EV15 | Evaluation | 0.46 0.54 0.75
EX16 | Explanation | 0.38 0.47 0.68
EX17 | Explanation | 0.36 0.45 0.65
EX18 | Explanation | 0.34 0.32 0.56
EX19 | Explanation | 0.42 0.50 0.72
EX20 | Explanation | 0.48 0.49 0.69

Note: KMO = 0.83; Bartlett’s Test x? = 842.15, p < .001;
Total variance explained = 68.4%; all factor loadings >
0.50.
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(x2/df =1.42, CF1 =0.94, TLI = 0.93, RMSEA = 0.053).
In addition, Composite Reliability (CR) values ranged
from 0.79 to 0.88 and Average Variance Extracted
(AVE) values ranged from 0.51 to 0.58, indicating
satisfactory convergent validity. Discriminant validity
was also supported according to the Fornell-Larcker
criterion.

Teaching Practice

Classroom observations focused on four dimensions:
instructional facilitation, scaffolding implementa-
tion, student engagement, and Augmented Reality
integration.

As shown in Table 6, teaching practices were
rated at high to very high levels across all observed
dimensions, indicating strong implementation
fidelity throughout the intervention. The findings
suggest that teachers effectively facilitated student-
centered learning, consistently provided scaffolding
support, maintained active student engagement,
and successfully integrated AR technology to support
conceptual understanding.

Qualitative field notes from the two independent
observers supported these findings. Teachers
frequently guided inquiry through open-ended
questioning and targeted feedback rather than
direct instruction, while scaffolding strategies
helped students overcome conceptual difficulties and

maintain ownership of the problem-solving process.
Observer notes also highlighted active collaboration,
discussion, and sustained participation among
students. The AR application enhanced visualization
and supported evidence-based reasoning. Although
minor technical difficulties were observed during
the initial sessions, these challenges diminished
as students became familiar with the technology.
Overall, the findings indicate that the instructional
framework was implemented as intended and
provided a supportive environment for inquiry-based
learning.

DiscussionN

The findings indicate that Augmented Reality-
supported Problem-Based Learning with scaffolding
was associated with significantly higher critical
thinking performance than conventional instruction,
as reflected by higher posttest scores, learning
gains, and large effect sizes. These outcomes
can be explained by the complementary roles of
the three instructional components. Problem-
Based Learning (PBL) provides a structured inquiry
environment in which students actively engage in
problem identification, investigation, and solution
development, thereby promoting higher-order
thinking processes such as analysis and evaluation
(Ferrero et al., 2021; Lu et al., 2025). However, PBL

Table 5: Confirmatory Factor Analysis (CFA) Fit Indices (n = 150)

Fit Index / Construct Validity Standard Threshold Study Model Value Interpretation
x2/ df <2.0 1.42 Good Fit
Comparative Fit Index (CFI) >0.90 0.94 Good Fit
Tucker-Lewis Index (TLI) >0.90 0.93 Good Fit
RMSEA <0.08 0.053 Good Fit
Composite Reliability (CR) >0.70 0.79 - 0.88 High Reliability
Average Variance Extracted (AVE) > 0.50 0.51-0.58 Robust Validity

Table 6: Classroom Observation Results on Teaching Practice

Dimension Mean SD Category Interpretation
Instructional Facilitation 4.3 0.52 | Very High Effective guidance and student-centered facilitation
Scaffolding Implementation 4.2 0.55 | High Consistent and structured support
Student Engagement 4.1 0.60 | High Active participation and collaboration
AR Integration 4.4 0.48 | Very High Effective use of technology for conceptual learning

Note: Scores were based on a five-point Likert scale (1 = very low to 5 = very high).
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may impose substantial cognitive demands on primary-
level learners with limited self-regulation skills
(Arega & Hunde, 2025). In this context, scaffolding
plays a critical role by guiding students’ reasoning
through questioning, feedback, and structured
support, helping them focus on relevant information
and progressively construct understanding (Ahmed
Abdel-Al lbrahim et al., 2023; Lange et al., 2023).
These findings are consistent with Cognitive Load
Theory (Sweller, 1988) and the Cognitive Theory of
Multimedia Learning (Mayer, 2005), which emphasize
the importance of instructional support in reducing
unnecessary cognitive burden.

Augmented Reality further complements this
process by transforming abstract concepts into
interactive and concreterepresentations thatare more
accessible to young learners (Cai et al., 2021; Kazlaris
et al., 2025). By integrating digital representations
directly into the learning environment, AR can reduce
split attention and support conceptual understanding,
thereby facilitating deeper engagement with inquiry
activities (Amores-Valencia et al., 2022). This aligns
with (Azuma, 1997) view of AR as a technology that
bridges virtual and physical experiences to support
learning. The findings suggest that the effectiveness
of the intervention extends beyond the individual
contribution of each component and reflects a
synergistic interaction among PBL, scaffolding,
and AR. While PBL structures inquiry, scaffolding
provides cognitive guidance, and AR enhances
conceptual representation, their integration
creates a learning environment that supports both
knowledge construction and higher-order thinking.
This integrated support system likely explains the
substantial learning gains (N-gain = 0.52) and large
practical effects observed in the experimental group.
Similar integrative benefits have been reported in
technology-supported scaffolding environments (Hou
& Keng, 2021).

The large effect size (Hedges’ g = 1.23) further
demonstrates the practical significance of the
intervention. Although the present study did not
examine individual dimensions of critical thinking
separately, the findings are consistent with theoretical
expectations that integrated inquiry-based and
technology-enhanced approaches strengthen
analytical and inferential reasoning (Tsakeni et al.,
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2025). It should be noted that teaching practice
observations were conducted solely to assess
implementation quality within the experimental group
and should not be interpreted as comparative evidence
between instructional conditions. Nevertheless, the
consistently high ratings for instructional facilitation,
scaffolding implementation, student engagement,
and AR integration indicate that the intervention
was implemented with strong fidelity and alighment
with student-centered learning principles (Chen &
Tsai, 2021)mobile learning has been widely adopted
in education in the past decades, and a great deal
of previous research has revealed the effects of
mobile learning on students’ learning. However, few
studies have probed teachers’ conceptions of mobile
technology-integrated instruction. In this study, a
total of 25 elementary school teachers in Taiwan were
interviewed, and the phenomenographic method
was adopted to explore the teachers’ conceptions
of mobile learning. As a result of the data analysis,
seven qualitatively and hierarchically different
categories (7-T. These findings support the argument
that the effectiveness of educational technology
depends not only on the technology itself but also on
its pedagogical integration (Zhang & Li, 2025)

From a theoretical perspective, this study
contributes to socio-constructivist perspectives by
demonstrating that AR can function as a cognitive
scaffold when integrated with inquiry-based pedagogy
and structured instructional support. Rather than
serving as a standalone technological tool, AR
becomes part of a broader instructional system
that facilitates guided knowledge construction and
critical thinking development. Several limitations
should be acknowledged. The study involved only two
schools and a relatively short intervention period,
which may limit the generalizability of the findings
and the examination of long-term effects. Future
studies are encouraged to involve more diverse
educational settings, longer implementation periods,
and additional measures of critical thinking to further
validate and extend these findings.

CoNCLUSION

This study provides evidence that Augmented Reality-
supported Problem-Based Learning with scaffolding
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significantly enhances primary students’ critical
thinking skills, as reflected in higher learning gains
and substantial effect sizes. The findings suggest
that the effectiveness of the intervention derives
from the complementary interaction of inquiry-
based learning, structured cognitive support, and
immersive technology. While Problem-Based Learning
promotes active inquiry and problem solving,
scaffolding supports students’ reasoning processes,
and Augmented Reality facilitates conceptual
understanding through interactive visualization.
From a theoretical perspective, the study extends
socio-constructivist perspectives by demonstrating
that Augmented Reality can function as a cognitive
support tool when embedded within pedagogically
structured learning environments. Practically,
the findings highlight the importance of aligning
technology, pedagogy, and cognitive support to
promote higher-order thinking in primary education.
Overall, the results suggest that the educational
value of Augmented Reality depends on its meaningful
integration within instructional designs that actively
support critical thinking and student engagement
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