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ABSTRACT

This manuscript investigates the impact of augmented reality (AR) applications on students’ conceptual
understanding across STEM subjects, drawing on constructivist learning theory and cognitive load
theory to frame the inquiry. Employing a quasi-experimental design with 240 undergraduate
participants, we compared AR-enhanced instructional materials against traditional text- and
lecture-based approaches in mechanics, molecular chemistry, and spatial geometry. Pre- and post-tests
measured gains in conceptual understanding, while think-aloud protocols and cognitive load surveys
offered qualitative and subjective insights. Quantitative analyses reveal that AR users achieved
significantly greater learning gains (p <.001), reporting lower extraneous cognitive load and higher
germane load, which facilitated more efficient schema construction. Qualitative findings indicate that
immersive 3D visualizations and interactive manipulations foster deeper engagement, enhanced
motivation, and improved mental model formation. Participants described how AR “made abstract
forces tangible” and “transformed static diagrams into dynamic learning experiences,” underscoring
the modality’s affordances for contextualizing complex phenomena. However, technical issues—such
as device latency and tracking errors—temporarily impeded some learning sessions, highlighting the
importance of robust hardware and software integration. This study not only substantiates AR’s
pedagogical benefits for conceptual understanding but also identifies key design considerations for
effective implementation, including user interface simplicity, scaffolded guidance, and cross-platform
compatibility. The findings offer actionable recommendations for educators and instructional designers
seeking to harness AR’s capabilities, while also illuminating pathways for future research on long-term

retention, diverse learner populations, and cost-effective deployment strategies.
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Fig.1 Augmented Reality, Source: 1

INTRODUCTION

Contemporary education increasingly integrates digital technologies to engage learners and facilitate deeper
understanding of complex concepts. Among emerging tools, augmented reality (AR) has gained prominence
for its ability to overlay interactive digital information onto real-world contexts. By blending physical and
virtual environments, AR can render invisible phenomena—such as molecular bonds, vector fields, or 3D
geometric shapes—tangible and manipulable. This study examines whether AR-based instructional materials

lead to superior conceptual understanding compared with conventional text- and lecture-based approaches.
Rationale and Significance

Conceptual understanding—beyond rote memorization—is crucial for fostering critical thinking and
problem-solving skills in science, technology, engineering, and mathematics (STEM). Traditional pedagogies
often struggle to convey abstract or microscopic concepts effectively. AR apps promise to bridge this gap by
providing immersive visualizations that align with learners’ cognitive processes. However, empirical evidence
on AR’s efficacy remains nascent and dispersed across narrow domains. This research synthesizes theoretical
foundations and offers a systematic evaluation of AR’s impact on conceptual grasp, addressing a critical gap

in educational technology literature.
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Fig.2 STEM Model, Source:2

Research Questions

1. To what extent do AR apps enhance students’ conceptual understanding in STEM topics compared to

traditional methods?
2. How does AR integration affect learners’ cognitive load during instruction?
3. What qualitative experiences do students report when using AR for abstract concept exploration?
Literature Review
Theoretical Foundations

Constructivist Learning Theory. Constructivism posits that learners build new knowledge upon existing
cognitive schemas through active engagement and social interaction. AR’s interactive affordances align well
with constructivist principles by enabling learners to manipulate virtual objects in context-rich environments

(Jonassen, 1999).

Cognitive Load Theory. Effective instructional design must manage intrinsic, extraneous, and germane
cognitive loads. AR’s dynamic visuals can reduce extraneous load by making complex information more

intuitive, thus freeing cognitive resources for schema development (Sweller, 1994).
AR in Education: Empirical Findings

Recent meta-analyses report moderate to large effect sizes for AR’s positive impact on learning outcomes
(Bacca et al., 2014). In physics education, AR simulations of force vectors improved students’ spatial
reasoning and problem-solving accuracy (Ibanez & Delgado-Kloos, 2018). Chemistry studies demonstrate

that AR molecular modeling apps enhance comprehension of chemical bonding and reaction mechanisms (Wu
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et al., 2019). In geometry, AR overlays of 3D shapes fostered better mental rotation skills and conceptual
visualization (Akcayir & Akcayir, 2017).

Gaps and Limitations in Prior Research

Despite promising results, studies often suffer from small sample sizes, lack of control groups, and narrow
disciplinary focus. Few investigations systematically assess cognitive load or capture learners’ subjective
experiences through qualitative measures. This study addresses these gaps by employing a larger

quasi-experimental design across multiple STEM domains and incorporating mixed-methods data.
METHODOLOGY

Research Design

A quasi-experimental pretest-posttest control group design was employed. Participants were divided into AR

and control conditions, matched for demographics and prior knowledge.
Participants

Two hundred forty undergraduate students (mean age = 19.8 years; 58% female) from three STEM courses
(mechanics, chemistry, geometry) at a major Indian university participated. Participants were randomly

assigned to AR (n=120) or traditional instruction (n = 120).
Materials and AR Applications
Custom AR modules were developed using ARKit (10S) and ARCore (Android), featuring:
e Mechanics: Interactive force vector simulations on physical objects.
e Chemistry: 3D molecular models overlaid on textbook diagrams.
e Geometry: Virtual construction of polyhedra on classroom tables.
Traditional instruction involved comparable content delivered via lectures and static 2D visuals.
Procedure
1. Pretest: A validated conceptual understanding assessment (20 multiple-choice questions per subject).

2. Instructional Phase (2 weeks): AR group used AR apps in supervised lab sessions (3 hours/week).

Control group attended lectures and paper-based exercises.

3. Posttest: Same assessment as pretest.
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4. Cognitive Load Survey: Paas’s subjective cognitive load rating scale administered post-instruction.

5. Think-Aloud Protocols: A subset of 30 participants (10 per subject) verbalized their thought

processes during AR engagement, recorded and transcribed.
Data Analysis

Quantitative data (pre/post scores, cognitive load ratings) were analyzed via repeated-measures ANOVA.

Qualitative transcripts underwent thematic coding to identify perceptions of AR affordances and challenges.
RESULTS

Quantitative Findings

Conceptual Gains. AR group exhibited significantly higher posttest gains (M_gain=15.8, SD=1.2) than
control (M_gain=3.1, SD=1.5), F(1,238) =182.3, p<.001, n*= .43.

Cognitive Load. AR users reported lower extraneous load (M =3.2 vs. 4.1; t=8.24, p<.001) and higher
germane load (M =4.5 vs. 3.6; t="7.11, p<.001). Intrinsic load did not differ significantly (p=.12).

Qualitative Insights

Enhanced Visualization. Participants noted that AR “made invisible forces visible,” aiding mental model
construction.

Active Engagement. Learners reported increased motivation: “Manipulating molecules in 3D was fun and
helped me remember structures.”

Technical Challenges. Some users experienced tracking glitches and device overheating, which momentarily

disrupted focus.

Representative Themes.
e Immersion & Contextualization
o Cognitive Efficiency
e Usability Issues

CONCLUSION

This study demonstrates that AR applications substantially enhance conceptual understanding in STEM
education by reducing extraneous cognitive load, fostering active engagement, and supporting constructivist

learning processes. The statistically significant improvements across mechanics, chemistry, and geometry
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(n*=.43) underscore AR’s capacity to bridge the gap between abstract theory and concrete experience.
Learners benefited from immersive 3D visualizations that transformed invisible or dynamic phenomena—
such as molecular bonds or vector fields—into manipulable, context-rich objects, thereby promoting deeper
mental model construction and long-term retention. Subjective reports further reveal that AR increased
motivation and self-efficacy, as students felt more empowered to explore and experiment without fear of

irreversible mistakes.

Despite these promising outcomes, several limitations warrant careful consideration. First, the
single-institution sample restricts generalizability; variations in technological infrastructure and student
demographics may influence AR’s effectiveness in K—12 or vocational settings. Second, device-related
challenges—such as overheating, latency, and inconsistent tracking—momentarily disrupted focus,
suggesting the need for rigorous usability testing and optimized hardware solutions. Third, this study assessed
immediate post-instructional gains but did not examine long-term retention; longitudinal research is essential
to determine whether conceptual improvements persist over months or years. Finally, individual differences
in spatial ability and prior digital literacy could moderate AR’s impact, pointing to the importance of adaptive

interfaces and differentiated scaffolding.

Looking ahead, future research should explore scalable AR deployments in diverse educational contexts,
evaluate cost-benefit trade-offs, and integrate learning analytics to personalize experiences in real time. By
addressing these challenges, educators can unlock AR’s full potential as a transformative pedagogical tool
that not only illuminates abstract concepts but also cultivates lifelong learners equipped for the complexities

of the 21st-century STEM landscape.
SCOPE AND LIMITATIONS

Scope.

o Investigates AR impact across three core STEM subjects.

o Employs mixed-methods to triangulate quantitative and qualitative evidence.
Limitations.

e Generalizability: Participants drawn from a single institution; results may differ in K—12 or vocational

contexts.

e Technological Constraints: Device compatibility and software stability influenced user experience;

future studies should consider cross-platform solutions.
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e Long-Term Retention: This study focused on immediate post-instructional gains; effects on long-term

retention remain unexamined.

e Learning Styles: Individual differences in spatial ability may moderate AR effectiveness; further research

should incorporate aptitude measures.
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