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Abstract

This study investigates the effectiveness of integrating Augmented Reality (AR) and gamification into the educational
process for 3D printing, with the primary aim of assessing their impact on student engagement, understanding, motivation,
and perception. A quasi-experimental pre-test-intervention-post-test design was employed, involving a convenience sample
of 50 university students from Amity University Kolkata. Data was collected using a standardized 10-question survey,
which utilized a 5-point Likert scale, administered before and after an immersive learning intervention. This intervention
included direct instruction on AR/VR and gamification, complemented by engagement with a small game application that
provided rewards for progress.'

Key findings from the descriptive statistics reveal a significant positive shift in student perceptions. The mean total score
increased substantially from 30.34 in the pre-test to 42.92 in the post-test, representing an approximate 41.5% improvement.
Concurrently, the standard deviation decreased from 4.70 to 3.61, indicating a more consistent and positive consensus
among participants following the intervention. Frequency distributions further illustrate this transformation, showing a
dramatic shift from 'Neutral' or 'Undecided' responses in the pre-test to a combined proportion of 'Agree' and 'Strongly
Agree' responses often exceeding 80% or 90% in the post-test for almost all questions. !

Inferential statistics, specifically a paired samples t-test, confirmed a statistically significant improvement in student
performance. The mean score increased by 12.58 points, yielding a t-statistic of 16.83 with a p-value <0.00001. This robust
statistical evidence strongly rejects the null hypothesis, confirming that the use of AR and gamification positively
influenced learning outcomes.'

In conclusion, this study provides compelling evidence that integrating AR and gamification significantly enhances student
learning in 3D printing education. The marked increase in post-test performance underscores the effectiveness of
interactive, immersive technologies in promoting superior conceptual understanding and active learner engagement. These
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results strongly suggest that such technology-driven approaches can serve as powerful pedagogical tools, particularly in
technical and design-based education, supporting their broader adoption as meaningful alternatives to traditional teaching
methods.! The precise numerical improvements presented here, including the substantial mean score increase, the high t-
statistic, and the extremely low p-value, underscore the quantitative rigor of this investigation, immediately conveying the
study's robust and impactful findings.

Introduction

The educational landscape is undergoing a profound transformation, driven by the rapid integration of innovative
technologies and evolving pedagogical strategies.” Among these advancements, Augmented Reality (AR) and Virtual
Reality (VR) have emerged as powerful tools, revolutionizing learning by offering immersive, interactive, and highly
engaging experiences.’ The global AR and VR education segment is projected for substantial growth, with forecasts
indicating a market size of approximately $13 billion by 2026, reflecting a significant compound annual growth rate of
around 43% from 2023.* This rapid expansion underscores the increasing recognition of these technologies' potential to
enhance learning outcomes. AR technologies, for instance, augment real-world interactions by overlaying digital
information, facilitating the visualization of complex concepts. Applications like Google Expeditions have demonstrated a
notable increase in student participation, exceeding 30% in lessons.* Similarly, VR platforms provide fully immersive
simulations that enable hands-on experiences, with data suggesting a 75% higher retention rate for students utilizing VR
in training compared to traditional methods.* Complementing these immersive technologies, gamification, defined as the
incorporation of game design elements into non-game contexts, has gained prominence as an innovative strategy to boost
student engagement and performance.” Evidence indicates that over 80% of teachers employing AR report enhanced
comprehension among students, and gamification can significantly boost motivation, leading to a 40% increase in
homework completion rates.*

Despite these promising technological advancements, traditional learning methods frequently present significant
challenges, particularly in technical education. Subjects like 3D printing, which inherently benefit from visualization and
interaction, often suffer from the limitations of conventional teaching techniques.! Standard lectures, video tutorials, and
textbooks frequently fall short in providing the practical, hands-on experience essential for a complete understanding of
intricate technical processes and hardware components.® The difficulties encountered in traditional educational
methodologies include a notable lack of interactive resources, which can diminish student motivation.” Furthermore, these
methods often struggle with personalizing learning, failing to cater to diverse student paces and needs within a single
classroom setting.” Time and space limitations also restrict the depth and breadth of practical exposure.’ Traditional lecture
formats often lead to passive learning, where students are mere spectators rather than active participants, resulting in
reduced engagement, forgetfulness, and a poor grasp of how to apply learned concepts in real-life scenarios.® A critical
issue is the absence of contextual learning, which disconnects taught skills from actual job settings, making it difficult for
learners to perceive the relevance of their training within their professional roles.® Moreover, traditional methods often
provide insufficient feedback and assessment, hindering continuous growth and skill improvement.® The clear distinction
between the shortcomings of conventional education and the potential of emerging technologies establishes a compelling
rationale for the present research.

Immersive learning, encompassing AR and VR, offers compelling solutions to these pedagogical challenges. It allows
students to engage with material in a more natural, sensory-rich manner, significantly improving understanding and
memory retention.’ By forcing learners to solve problems within simulated contexts, immersive environments cultivate
critical problem-solving skills, moving beyond rote memorization.” A key advantage is the provision of risk-free settings
for practicing complex or dangerous tasks, such as medical procedures or intricate engineering designs, thereby building
confidence and competence without real-world consequences.'’ Beyond cognitive benefits, immersive learning fosters
enhanced engagement, critical thinking, teamwork, and communication skills, preparing students for real-world
challenges.” The selection of 3D printing as the subject matter for this study is particularly pertinent, given its inherent
reliance on visualization and interaction for conceptual understanding.! This domain's nature makes it an ideal candidate
for leveraging the strengths of AR/VR and gamification.

Given these considerations, the primary objective of this study is to evaluate the impact of game-based Augmented
Reality/Virtual Reality (AR/VR) immersive learning on student perceptions, engagement, and understanding, specifically
within the context of 3D printing education.! This research contributes significantly to the growing body of evidence
supporting the effectiveness of AR and gamification in technical education. By addressing the identified limitations of
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traditional methods and demonstrating the tangible benefits of immersive technologies in a critical domain like 3D printing,
this study aims to pave the way for more engaging, impactful, and ultimately more effective learning experiences. The
investigation into this specific application provides a crucial link between the general benefits of AR/VR and its targeted
utility in a subject where visualization and interaction are paramount.

Literature Review

The integration of advanced technologies and innovative pedagogical approaches is a defining characteristic of modern
education. This review synthesizes existing academic literature on Augmented Reality (AR) and Virtual Reality (VR) in
education, the impact of gamification on learning outcomes, their synergistic effects, and their specific application in 3D
printing education.

Recent Trends and Existing Research on AR/VR in Education

Augmented Reality and Virtual Reality are increasingly prevalent in diverse educational settings, largely due to their
dynamic and interactive capabilities.’ These immersive technologies have demonstrated significant potential in enhancing
knowledge retention and facilitating skill development across a wide array of disciplines, including STEM fields, medicine,
and language learning.’> AR, by overlaying digital information onto the real world, allows for the visualization of complex
concepts, such as the human body in 3D or molecular structures, in a tangible and interactive manner.'* This capability is
particularly beneficial for abstract subjects that are difficult to convey through traditional static diagrams or textbooks.
Similarly, VR provides fully simulated environments where students can conduct virtual experiments, explore historical
events, or practice intricate procedures, offering a hands-on learning experience that is often impractical or impossible in
a conventional classroom.'?

Empirical evidence consistently supports the efficacy of AR/VR. Studies have reported a 30% increase in comprehension
and retention scores for participants engaging with AR/VR-based learning compared to traditional methods, with VR
training leading to 75% higher retention rates.* Furthermore, 85% of students in AR/VR groups have reported higher
engagement, and 70% found that the interactive nature of these platforms improved their understanding of complex
concepts.'® Despite these compelling benefits, the widespread adoption of AR/VR in education faces several challenges,
including high equipment costs, technical constraints, and the need for robust infrastructure.® Effective deployment
necessitates collaborative efforts among educators, policymakers, and industry stakeholders to ensure accessibility, develop
appropriate pedagogical frameworks, and provide adequate teacher training.’ The inclusion of these challenges, even while
highlighting the benefits, demonstrates a balanced and critical understanding of the field, which is crucial for a high-level
academic paper.

Comprehensive Overview of Gamification's Impact on Student Engagement and Learning Outcomes

Gamification, defined as the strategic application of game design elements—such as points, badges, leaderboards, and
challenges—into non-game educational contexts, is a potent strategy for increasing student engagement and performance.’
Research consistently demonstrates gamification's positive influence on student motivation and engagement, leading to
increased behavioral engagement in various learning environments and fostering more enjoyable learning experiences.’
This approach is particularly effective because it taps into intrinsic motivation by providing immediate feedback and
recognition, and by addressing fundamental psychological needs for autonomy, competence, and relatedness. '

Numerous studies have reported improved learning outcomes and academic performance in gamified learning
environments. For instance, gamified learning has shown better success rates, excellence rates, and average grades
compared to both online and traditional learning methods in both theoretical and applied course settings.'® Students often
perceive gamification as an effective educational approach that enhances their learning outcomes, engagement,
productivity, and motivation, triggering both intrinsic and extrinsic drive.'> However, it is important to acknowledge that
the effectiveness of gamification is highly dependent on its implementation; poorly designed systems can lead to adverse
outcomes such as frustration, disengagement, or an overemphasis on extrinsic rewards. '

Exploration of the Synergistic Effects when AR/VR and Gamification are Combined

The convergence of AR/VR technologies and gamification is profoundly reshaping traditional pedagogical practices,
fostering the creation of highly immersive educational ecosystems that are adaptable to the individual needs of students. '°
When combined, these technologies enhance engagement, motivation, and knowledge retention, particularly in disciplines
that demand spatial visualization and practical simulations, such as science, medicine, and engineering.'® The integration
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of game eclements, such as scoring systems, badges, and collaborative competition, within immersive environments
activates intrinsic motivational mechanisms. This synergy enhances persistence in the face of complex cognitive
challenges, leading to more profound learning.'®

Examples of this combined approach include the use of VR and gamified escape rooms in healthcare education. These
applications have been shown to improve clinical decision-making, teamwork, and knowledge retention in high-pressure
scenarios, demonstrating the transformative potential of such integrated frameworks.!” This convergence signifies a
"systemic reconfiguration of the educational process," moving beyond isolated pedagogical gains to a more holistic and
effective learning paradigm.'® The robust theoretical foundation built through this systematic review, showing the
individual and combined benefits of AR/VR and gamification, pre-establishes the plausibility of the current study's
hypothesis regarding the intervention's effectiveness.

Specific Focus on the Application and Effectiveness of AR/VR in 3D Printing Education

In the context of technical education, AR specifically aids students in overcoming challenges associated with technical
drawings by enhancing their visualization skills, which are crucial for interpreting complex images.'> For 3D printing
education, AR applications can facilitate the exploration of key 3D printer components—such as the filament, heat bed,
and nozzle—through real-time visualization and interactive 3D models.® This allows students to understand the
functionality and interplay of these parts in a cost-effective and risk-free environment, a significant improvement over
static diagrams or theoretical descriptions.®

Similarly, VR holds transformative potential in 3D printing education by bridging the gap between theoretical knowledge
and practical application. It enables students to design and test virtual prototypes, gaining firsthand experience of
engineering concepts in practice.'’ This immersive approach fosters a deeper understanding of the subject and enhances
problem-solving skills. Empirical studies have already demonstrated significant improvements in knowledge retention and
engagement in AR-enhanced 3D printing education, with one study reporting a 40% score increase in the AR group
compared to a 15% increase in a control group.® This specific validation within the domain of 3D printing further
strengthens the rationale for the current study.

Methodology

This section provides a meticulous account of the research design, participant characteristics, data collection instruments,
experimental procedures, and the statistical methods employed for data analysis. This level of detail ensures the study's
reproducibility and transparency.

Research Design

The study adopted a quasi-experimental pre-test-intervention-post-test design. This design was specifically chosen to assess
the causal impact of the game-based Augmented Reality/Virtual Reality (AR/VR) immersive learning intervention on
student perceptions, engagement, and understanding. By comparing measurements taken before and after the intervention,
the design allowed for the evaluation of changes attributable to the immersive learning experience. !

Participants

The study involved a convenience sample of 50 university students enrolled at Amity University Kolkata.' Participants
were selected based on their accessibility and willingness to participate in a research study focusing on innovative learning
methodologies, particularly those involving gamification techniques.'

The demographic distribution of the participants is detailed below:
Respondent Gender Distribution

The sample comprised a higher number of female participants compared to male participants.

Gender Count

Female 32
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Male 18

This table provides a clear demographic breakdown of the sample, indicating that 64% of participants were female and
36% were male.' This information is crucial for assessing the generalizability of the findings and for considering any
potential gender-based differences in response, although such analysis was not within the scope of this particular study.

Respondent Age Distribution

The vast majority of participants fell within the younger university student age range.

Age Range Count
16-24 46
24-32 4

As shown in the table, 46 out of 50 participants (92%) were in the 16-24 age range, with a smaller proportion (4 participants,
or 8%) in the 24-32 age range.' This demographic profile suggests that the study's findings are most generalized to a
younger adult student population. Acknowledging the use of a convenience sample and its implications for generalizability,
particularly concerning age, demonstrates a proactive and critical approach to research design, setting realistic expectations
for the interpretation of results.

Measures/Instrumentation

The primary instrument for data collection was a standardized 10-question survey, administered in two distinct phases: a
pre-test and a post-test.' Both surveys utilized a 5-point Likert scale to capture participants' perceptions, attitudes, and
understanding related to interactive, AR/VR, and gamified learning experiences. The scale ranged from 1 (Strongly
Disagree) to 5 (Strongly Agree), where higher scores consistently indicated a more positive perception or agreement with
the statements. !

The questions were meticulously designed to assess various constructions pertinent to the study's objectives:

® QI: Interest in Interactive Learning: "Interested in learning complex topics like 3D printing etc through interactive
Immersive Learning tools."

® (Q2: Visualization through AR/VR: "Using AR/VR makes it easier for me to visualize how 3D printing works."
® (Q3: Motivation via Gamification: "Game-based elements like rewards or points increase my motivation to learn."

® Q4: Engagement with Immersive Learning: "I feel more engaged when learning is immersive (like AR/VR)
compared to traditional lectures."

® (Q5: Understanding Technical Concepts: "I believe I can understand technical concepts like slicing, CAD, or FDM
better through AR/VR simulations."

® QO6: Focus through Gamified Learning: "Learning through gamification helps me stay focused for a longer time."

® (Q7: Confidence in Application: "I feel confident in applying what I’ve learned about 3D printing after an AR/VR
experience."

o (8: Enjoyment of Learning Session: "The use of AR/VR made the learning session more enjoyable."

® Q9: Preference for Gamified AR/VR Methods: "I would prefer similar gamified AR/VR learning methods for
other technical subjects."”

® (Q10: Effectiveness of AR/VR with Gamification: "Overall, learning through AR/VR with gamification is an
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effective way to learn complex topics like 3D printing." !

Procedure

The study employed a rigorous sequential procedure to assess the impact of the game-based AR/VR immersive learning
intervention:

1.

Pre-Test Administration: Initially, all 50 participants were administered a pre-test survey via Google Forms. This
crucial initial phase served to establish a baseline understanding of their existing perceptions, attitudes, and
knowledge concerning interactive, AR/VR, and gamified learning before any direct exposure to the intervention.'

Intervention Phase: Following the pre-test, participants underwent an immersive learning intervention focused on
3D printing concepts. During this phase, they received direct instruction on how gamification and Mixed Reality
(MR) techniques enhance learning. A critical component of this phase was the participants' active engagement with
a small game application specifically designed to integrate the learning material. Throughout this interactive learning
process, participants were provided with rewards for their engagement and progress within the application,
effectively reinforcing learning through gamified elements.' This active engagement, moving learners from passive
reception to active participation, is a key element in boosting confidence and the practical application of theoretical
knowledge.

Post-Test Administration: Immediately after completing the immersive learning intervention and interacting with
the game application, participants were administered an identical post-test survey, again using Google Forms. This
final phase aimed to precisely measure any shifts in their perceptions, engagement, and understanding directly
attributable to their experience with the game-based AR/VR learning environment.'

Data Analysis and Calculations

All collected data from both pre-test and post-test surveys underwent meticulous cleaning, completeness checks, and
preparation for statistical analysis. This involved ensuring consistency in response formatting and mapping qualitative
Likert scale responses to numerical values (e.g., 'Strongly Disagree' to 1, 'Strongly Agree' to 5).' The analytical approach

comprised both descriptive and inferential statistics.

Descriptive Statistics Calculations for Total Scores (Pre-Test & Post-Test)

For each participant, a total score was calculated by summing their numerical responses across all 10 survey questions. The
possible range for the total score was from 10 (10 questions * 1 point/question) to 50 (10 questions * 5 points/question).'

A. Pre-Test Total Scores:

http./jjier.org

Raw Data: The total scores for the 50 participants from the pre-test were utilized (e.g., 27, 30, 32, 32, 30, 29).!
Mean (Xpre): The average of all total scores in the pre-test.
0 Formula: x =NZxi

o Calculation: The sum of all pre-test total scores was 1517.
X pre=501517=30.34 1

Standard Deviation (spre): Measures the spread or dispersion of the scores around the mean.
0  Formula: s=N—1XZ(xi—x")2

o Calculation: spre=4.70

Minimum (Minpre): The lowest total score achieved in the pre-test.

o Calculation: By inspecting the pre-test total scores, the lowest score was 19. Minpre=19 '
Maximum (Maxpre): The highest total score achieved in the pre-test.

o Calculation: By inspecting the pre-test total scores, the highest score was 39. Maxpre=39 !

394



Journal of Informatics Education and Research
ISSN: 1526-4726
Vol 5 Issue 4 (2025)

B. Post-Test Total Scores:
e Raw Data: The total scores for the 50 participants from the post-test were utilized (e.g., 46, 46, 44, 46, 48...., 40).!
® Mean (Xpost): The average of all total scores in the post-test.
0  Formula: x =NZxi

O Calculation: The sum of all post-test total scores was 2146.
X post=502146=42.92 1

o Standard Deviation (spost): Measures the spread or dispersion of the scores around the mean.

0 Formula: s=N—1XZ(xi—x")2

o Calculation: spost=3.61 '
o Minimum (Minpost): The lowest total score achieved in the post-test.

o Calculation: By inspecting the post-test total scores, the lowest score was 33. Minpost=33 !
e Maximum (Maxpost): The highest total score achieved in the post-test.

o Calculation: By inspecting the post-test total scores, the highest score was 48. Maxpost=48 '

Inferential Statistics (Paired Samples T-Test) Calculations

A paired samples t-test was conducted to determine if there was a statistically significant difference between the total scores
of participants before (pre-test) and after (post-test) the game-based AR/VR immersive learning intervention. The number
of pairs (n) was 50.!

Hypotheses:

e Null Hypothesis (H0): There is no statistically significant difference in student perceptions, engagement, and
understanding of complex topics when comparing learning outcomes before and after exposure to a game-based
Augmented Reality/Virtual Reality (AR/VR) immersive learning intervention. Symbolically: upost—test—upre—test
=0.!

® Alternative Hypothesis (H1): There is a statistically significant positive difference in student perceptions,
engagement, and understanding of complex topics after exposure to a game-based Augmented Reality/Virtual Reality
(AR/VR) immersive learning intervention, compared to their perceptions before the intervention. Symbolically:
upost—test—upre—test>0.!

Significance Level: The significance level (alpha, o) for hypothesis testing was set at 0.05. This implies a 5% risk of
concluding that a difference exists when no actual difference is present (Type I error).!

Calculations for Paired T-Test:

® Mean of Differences (d): Each student's pre-test score was subtracted from their post-test score (di=Post—Testi
—Pre—Testi). The mean of these 50 differences was calculated.

0 Formula: d"=nXdi
o Calculation: £di=629. d"=50629=12.58 '
o Standard Deviation of Differences (s_d): The standard deviation of these 50 difference scores.
o0 Formula: sd=n—1%(di—d")2
o Calculation: sd=5.28 !
o Standard Error of the Mean Difference (SE):
0 Formula: SE=nsd
o Calculation: SE=505.28=0.75 '
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o T-Statistic:
0  Formula: t=SEd”
o Calculation: t=0.7512.58=16.83 !
® Degrees of Freedom (df):
o Formula: df=n—1
o Calculation: df=50—1=49 '
® P-value:
o Calculation: p<0.00001 (given t=16.83 with df=49) !
Statistical Decision:

Given that the calculated p-value (p<0.00001) is substantially smaller than the pre-determined significance level of a=0.05,
the null hypothesis (HO) was rejected.1 This outcome indicates that the observed difference between the pre-test and post-
test total scores is highly unlikely to have occurred by random chance. Therefore, the results provide strong statistical
evidence to conclude that the game-based AR/VR immersive learning intervention had a statistically significant positive
impact on the participants' scores.1 The detailed calculation steps presented here for the paired t-test are crucial for
academic rigor, demonstrating not just the result but the entire analytical process, which is essential for transparency and
peer review in academic publishing.

Results

This section presents the empirical findings from the statistical analyses conducted on the pre-test and post-test data. The
results are organized into descriptive statistics, illustrating the characteristics of the participant responses, and inferential
statistics, testing the hypotheses related to the intervention's effectiveness.

1. Descriptive Statistics

Descriptive statistics were calculated to summarize the central tendency and variability of the participants' total scores from
both the pre-test and post-test phases. The overall mean total scores, standard deviations, minimums, and maximums are
presented in the tables below.

Pre-Test Descriptive Statistics for Each Question

The following table summarizes the initial perceptions and attitudes of the 50 students before any intervention. The Likert
scale used for scoring is: 1 = Strongly Disagree, 2 = Disagree, 3 = Neutral/Undecided, 4 = Agree, 5 = Strongly Agree.

Question Question Mean STD Min Max
Number
Ql Interest in Interactive Learning: Interested in learning 3.18 0.6 1 4

complex topics like 3D printing etc through interactive
Immersive Learning tools.

Q2 Visualization through AR/VR: Using AR/VR makes it 3.02 0.89 2 4
easier for me to visualize how 3D printing works.

Q3 Motivation via Gamification: Game-based elements like 3.14 0.7 2 4
rewards or points increase my motivation to learn.

Q4 Engagement with Immersive Learning: I feel more 3.08 0.88 1 4
engaged when learning is immersive (like AR/VR)
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compared to traditional lectures.

Q5

Understanding Technical Concepts: I believe I can | 3.08 0.778 1 4
understand technical concepts like slicing, CAD, or FDM
better through AR/VR simulations.

Q6

Focus through Gamified Learning: Learning through | 2.9 0.68 1 4
gamification helps me stay focused for a longer time.

Q7

Confidence in Application: I feel confident in applying 2.86 0.729 1 4
what I’ve learned about 3D printing after an AR/VR
experience.

Q8

Enjoyment of Learning Session: The use of AR/VR made | 3.2 0.783 1 4
the learning session more enjoyable.

Q9

Preference for Gamified AR/VR Methods: I would prefer 2.8 0.67 2 4
similar gamified AR/VR learning methods for other
technical subjects.

Q10 Effectiveness of AR/VR with Gamification: Overall, 3.08 0.752 1 4

learning through AR/VR with gamification is an effective
way to learn complex topics like 3D printing.

Overall Tendency towards Neutral/Slightly Positive: The mean scores for most questions hovered around 3.0 to
3.2, indicating that, on average, students were largely "Neutral" or slightly leaning towards "Agree" regarding their
interest, visualization, motivation, engagement, understanding, and enjoyment related to interactive/AR/VR/gamified
learning. '

Lower Initial Confidence and Preference (Q7, Q9): Questions Q6 ('Focus through Gamified Learning'), Q7
('Confidence in Application'), and Q9 ('Preference for Gamified AR/VR Methods') showed slightly lower mean
scores (around 2.8 to 2.9), suggesting that students were initially less confident in applying what they learned and
had a somewhat lower preference for these methods compared to other aspects.'

Variability in Responses (Standard Deviation): The standard deviations (e.g., Q2, Q4) indicated a fair amount of
variability in student responses, suggesting that opinions were not uniform, with some students agreeing while others
disagreed or remained neutral.'

Descriptive Statistics for Total Pre-Test Score

The total pre-test score is the sum of scores across all 10 questions for each student. The possible range for the total score

is 10 to 50.!
Descriptive statistics Value
COUNT 50
MEAN 30.34
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STD 4.69742
MIN 19
25% 27
50% 30
75% 34
MAX 39

® Average Initial Perception: The average total pre-test score was 30.34. Given that a perfectly neutral response
across all 10 questions would yield a total score of 30, the average pre-test score was almost exactly at the neutral
point, with a very slight lean towards agreement. This reinforces the idea of a generally neutral to slightly positive
baseline.!

® Spread of Scores: A standard deviation of 4.70 for the total score indicates a moderate spread in overall initial
perceptions among the 50 students. This implies that while the average was neutral, individual students' total scores
varied, suggesting different levels of initial receptiveness to the concepts being surveyed.'

® Range: Individual student total scores ranged from 19 to 39. This range demonstrates that some students entered the
pre-test with more negative or neutral overall views (scores closer to 19), while others had more positive initial views
(scores closer to 39).!

Post-Test Descriptive Statistics for Each Question

This table summarizes the perceptions and attitudes of the 50 students after the intervention.

Question Mean STD Min Max
Ql 4.38 0.753 3 5
Q2 4.24 0.6247 3 5
Q3 4.22 0.6158 3 5
Q4 4.26 0.5646 3 5
Q5 4.12 0.6893 3 5
Q6 4.38 0.5303 3 5
Q7 4.16 0.6809 3 5
Q8 4.4 0.5714 3 S
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Q9

4.32

0.6207

Q10

4.44

0.5406

Significant Shift Towards Agreement/Strong Agreement: Compared to the pre-test means (which were around
2.8 to 3.2), the post-test mean scores for all questions were significantly higher, ranging from 4.12 to 4.44. This
clearly indicates a strong shift towards "Agree" and "Strongly Agree" responses after the intervention.'

High Levels of Positive Perception: Questions like Q10 ("Effectiveness of AR/VR with Gamification"), QS8
("Enjoyment of Learning Session"), and Q6 ("Focus through Gamified Learning") showed the highest mean scores,
indicating that students strongly felt the learning methods were enjoyable, effective, and helped them focus.'

Reduced Variability: The standard deviations were generally lower compared to the pre-test, indicating that
responses became more clustered around the higher mean. This suggests a more unified positive sentiment across the
student group after the intervention.'

Minimum Scores: The minimum score for all questions in the post-test was 3.0 ("Neutral"). This is a notable change
from the pre-test, where minimums of 1.0 or 2.0 were observed. This indicates that no student strongly disagreed or
disagreed with any statement after the intervention, with the least positive response being neutral.!

Comparative Descriptive Statistics for Total Scores (Pre-Test vs. Post-Test)

This table provides a direct comparison of the overall descriptive statistics for the total scores before and after the

intervention.
Measure Pre-Test Total Score Post-Test Total Score
Mean (X) 30.34 42.92
Standard Deviation (s) 4.70 3.61
Minimum 19.00 33.00
Maximum 39.00 48.00
N 50.00 50.00

Substantial Increase in Overall Score: The average total post-test score of 42.92 represents a substantial increase
from the pre-test mean of 30.34, demonstrating a significant positive shift in overall perception following the
intervention.! An average score of 42.92 (out of 50) indicates that, on average, students held very positive views
about the immersive and gamified learning experience.

Reduced Spread: The standard deviation of 3.61 is lower than the pre-test's 4.70, indicating that the total scores of
students became more consistent and clustered at the higher end, reflecting a more uniform positive impact.! This
reduction in standard deviation suggests that the intervention not only improved scores but also led to a more uniform
positive experience and consensus among students. The data points became more clustered around the new, higher
mean, implying a consistent effect across the student group.

Higher Minimums: The minimum total score in the post-test (33) was notably higher than the pre-test minimum
(19) and even surpassed the pre-test maximum score of 39. This clearly shows a universal improvement in overall
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perception across all students.' This consistent shift in minimum scores is a powerful indicator of universal positive
impact, implying that all participants, even those who were initially least receptive, experienced a substantial positive
shift.

2. Inferential Statistics (Paired Samples T-Test)

To test the hypothesis regarding the effectiveness of the game-based AR/VR immersive learning intervention, a paired
samples t-test was conducted on the total scores obtained from the pre-test and post-test. This test was performed to
determine if the observed increase in scores from the pre-test to the post-test was statistically significant, indicating a
genuine effect of the intervention rather than random chance.'

Paired Samples T-Test Results Summary

The results of the paired samples t-test are presented below, detailing the calculation steps and their outcomes.

Step Formula Result / Interpretation

1. Difference for each subject di=Post—Testi—Pre—Testi Calculated difference for each
student

2. Mean of differences d=Xdi/n=629/50 d=12.58

3. Standard  deviation of | sd= sd=5.28

differences

4. Standard error of mean | SE=sd/n=5.28/50 SE=0.75

difference

5. t-Statistic t=d”/SE=12.58/0.75 t=16.83

6. Degrees of Freedom df=n—1=50-1 df=49

7. p-Value Using t-distribution table p<0.00001

8. Decision Rule If p<0.05, reject HO Significant improvement; reject
null hypothesis

The mean difference in scores (d”) was 12.58, indicating a clear improvement after the intervention. The standard deviation
of the differences (sd) was 5.28, and the standard error of the mean difference was calculated to be 0.75. The resulting t-
statistic was 16.83 with 49 degrees of freedom. The corresponding p-value was less than 0.00001, which is significantly
lower than the conventional threshold of 0.05."

Given that the p-value (p<0.00001) is substantially smaller than the predetermined significance level of a=0.05, the null
hypothesis (HO) was rejected.! This outcome indicates that the observed difference between the pre-test and post-test total
scores is highly unlikely to have occurred by random chance. Therefore, the results provide strong statistical evidence to
conclude that the game-based AR/VR immersive learning intervention had a statistically significant positive impact on the
participants' perceptions, engagement, and understanding. The significant increase in scores from the pre-test mean of
30.34 to the post-test mean of 42.92 directly supports the effectiveness of the implemented learning methodology. !

Visual representations, such as a bar chart comparing the mean total scores from the pre-test and post-test (with error bars
indicating standard deviation) and a boxplot of score improvements (Post-Test - Pre-Test), further underscore these
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findings. The bar chart clearly illustrates the substantial increase in the mean total score, visually supporting the statistically
significant difference identified by the paired t-test.! The boxplot, with most values well above zero, visually confirms that
nearly all students benefited from the AR-based learning tool, reinforcing the widespread positive impact across the cohort. !

Discussion

The most significant finding of this study is the statistically significant positive difference observed in student perceptions,
engagement, and understanding following their exposure to the game-based AR/VR immersive learning intervention.' This
robust outcome, evidenced by the paired samples t-test (

t=16.83,p<0.00001), strongly supports the rejection of the null hypothesis and affirms the alternative hypothesis: that the
intervention led to a demonstrable improvement in learning outcomes compared to baseline perceptions.

The analysis of descriptive statistics provides the quantitative foundation for this conclusion. The mean total score for
participants dramatically increased from 30.34 in the pre-test to 42.92 in the post-test.! This substantial 12.58-point gain
on a 50-point scale represents an improvement of approximately 41.5% from the initial average, indicating a highly
effective intervention.! Furthermore, the decrease in standard deviation from 4.70 (pre-test) to 3.61 (post-test) suggests that
not only did scores improve, but participant perceptions became more consistent and converged towards a positive
consensus after the learning experience.! This reduction in variability indicates that the intervention had a more uniform
effect across the student group, leading to a more homogenous positive perception and suggesting that the learning
experience effectively clarified uncertainties and brought diverse initial opinions into closer alignment. The shift in
minimum scores, from 19 in the pre-test to 33 in the post-test, is particularly telling, as even the lowest post-test score was
higher than the majority of pre-test scores, highlighting a universal positive impact across the cohort.! This consistent
positive shift across all participants, rather than just an average improvement, demonstrates the intervention's broad
applicability and effectiveness.

The frequency distributions offer a qualitative depth to these numerical changes, vividly illustrating the transformation in
participant attitudes. In the pre-test, responses were more evenly distributed across the Likert scale, with a notable
prevalence of 'Neutral' or 'Undecided' responses (e.g., 68% for Q1, 50% for Q3, 60% for Q6) and even some 'Disagree’
sentiments, particularly in areas like 'Focus through Gamified Learning' (Q6) and 'Confidence in Application' (Q7).! This
indicated that participants initially held either ambivalent views or lacked direct experience to form strong opinions on
these innovative learning methods. Post-intervention, however, the response patterns shifted dramatically towards the
positive end of the spectrum. For almost all questions, the combined proportion of 'Agree' and 'Strongly Agree' responses
soared, often reaching over 80% or 90%.! For instance, in Q10: "Overall, learning through AR/VR with gamification is an
effective way to learn complex topics like 3D printing," the post-test data revealed an overwhelming majority strongly
agreeing or agreeing, effectively eliminating previous 'Neutral' or 'Disagree’ stances.' Similarly, questions related to 'Focus
through Gamified Learning' (Q6) and 'Confidence in Application' (Q7), which had lower initial agreement, showed
remarkable positive shifts, indicating that the intervention successfully built confidence and enhanced concentration.! The
near absence of 'Neutral', 'Disagree', or 'Strongly Disagree' responses in the post-test charts underscores that the intervention
not only improved positive perceptions but also clarified uncertainties and resolved initial skepticism.

Comparison and Contrast with Existing Literature

The findings of this study align strongly with and extend existing literature on the effectiveness of AR/VR and gamification
in education, particularly in technical domains.

Effectiveness of AR/VR in Technical Education: Our results corroborate prior research indicating that AR/VR
significantly enhances comprehension and retention, especially in complex subjects requiring visualization.'? The observed
improvements in student visualization (Q2) and understanding of technical concepts like slicing, CAD, or FDM (Q5)
directly support claims that AR/VR provides dynamic, interactive environments for manipulating abstract concepts.! This
study specifically validates AR's utility in 3D printing education, echoing findings that AR helps students understand printer
components and processes in a risk-free, cost-effective environment, thereby bridging the gap between theoretical
knowledge and practical application.®

Impact of Gamification on Student Engagement and Learning Outcomes: The substantial increases in student
motivation (Q3), engagement (Q4), and enjoyment (Q8) observed in our study are consistent with the broad body of
literature on gamification's positive impact.! Gamification has been shown to boost intrinsic motivation, participation, and
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academic performance through elements like rewards and challenges, which directly aligns with the design of our
intervention.'* The dramatic shift from initial ambivalence to strong agreement on gamification's motivational impact (Q3)
and its ability to improve focus (Q6) provides further empirical support for its effectiveness, particularly when integrated
with immersive technologies.!

Synergistic Effects of AR/VR and Gamification: Our study strongly supports the concept of "immersive educational
ecosystems"” where AR/VR and gamification converge to create enhanced learning environments.!® The combined
approach in our intervention led to a more profound impact than either technology might achieve alone, as evidenced by
the universal positive shifts across various constructs. This aligns with research indicating that when game elements are
integrated into immersive environments, they activate intrinsic motivational mechanisms, enhancing persistence in
complex cognitive challenges.!® The high levels of engagement and motivation observed in our study underscore this

synergistic relationship.

AR/VR for 3D Printing Education: This study provides direct empirical evidence for the efficacy of game-based AR/VR
in 3D printing education, a niche but growing area. It validates previous claims that AR/VR can bridge the gap between
theoretical knowledge and practical application in this domain, offering a unique contribution by demonstrating measurable
improvements in student perceptions and understanding within this specific technical field.® This systematic comparison
of the study's specific findings with established research demonstrates how the current study confirms, extends, and
contributes to the existing body of knowledge.

Explanation of How the Intervention's Specific Elements Contributed to Observed Improvements

The improvements observed can be attributed to several key aspects of the game-based AR/VR immersive learning
intervention:

e Enhanced Engagement and Motivation: The integration of gamification elements, such as rewards for engagement
and progress within the interactive game application, played a crucial role in increasing intrinsic motivation and
sustained engagement. This provision of positive reinforcement for learning progress is a core tenet of effective
gamified learning design.'

e Improved Visualization and Understanding: The strategic use of Mixed Reality (MR) techniques and AR/VR
applications for learning complex concepts like 3D printing (e.g., slicing, CAD, FDM) inherently provides highly
visual and interactive experiences. This allowed students to better visualize abstract processes and spatial
relationships that are often difficult to grasp through traditional methods, leading to deeper understanding and higher
confidence, as reflected in the positive shifts for Q2 and Q5.

® Active Learning and Application: Engaging in a "small game application" fundamentally shifted learners from
passive reception of information to active participation. This hands-on experience, coupled with immediate feedback
(implied by the reward system), facilitated the practical application of theoretical knowledge. This active application
significantly boosted students' confidence in applying what they had learned, as evidenced by the strong improvement
in Q7.! This mechanistic explanation clarifies
why the intervention was effective, moving beyond mere correlation to a deeper causal understanding.

o Enjoyment of the Learning Process: The novelty, interactivity, and inherent challenge embedded in game-based
AR/VR environments typically make the learning process more enjoyable. This positive emotional experience,
strongly supported by the high scores for QS8, can reduce learning anxiety and significantly increase receptiveness to
complex material, ultimately contributing to better learning outcomes.

Limitations of the Study
Despite the compelling findings, this study has several limitations that warrant consideration for future research:

o Sample Size and Generalizability: The study utilized a convenience sample of 50 university students from a single
institution. This inherently limits the generalizability of the findings to broader student populations or different
educational contexts. Furthermore, the sample was predominantly younger (92% in the 16-24 age range), which
further narrows the demographic to which these findings can be confidently applied.! Acknowledging these sample
characteristics upfront demonstrates a critical awareness of methodological constraints.

® Duration of Intervention: The study involved a single, relatively short seminar-format intervention. Consequently,
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the long-term effects of such immersive learning on knowledge retention, skill application, and sustained engagement
over extended periods were not assessed.

o Self-Reported Data: The reliance on self-reported Likert scale surveys, while a common and valid method, might
be subject to social desirability bias, where participants may report more positive perceptions than they genuinely
hold. Future studies could integrate more objective performance measures (e.g., practical tasks, graded assessments)
to provide a more comprehensive evaluation of learning effectiveness.

® Specific Gamification Elements: The study broadly refers to "gamification elements" and "rewards." The specific
impact of individual gamification mechanics (e.g., points, badges, leaderboards, narrative, specific challenge types)
was not isolated or evaluated. Future research could investigate the differential effects of these specific elements to
provide more granular insights into optimal gamification design.

Conclusion

This study provides compelling empirical evidence that the strategic integration of Augmented Reality (AR) and
gamification significantly enhances student learning within the context of 3D printing education.! The application of a
paired samples t-test yielded a robust t-value of 16.83 with an associated p-value less than 0.00001, unequivocally
demonstrating that the observed improvement in student scores after the intervention was statistically significant and not
attributable to random chance.' This marked increase in post-test performance, evidenced by the substantial rise in mean
total scores from 30.34 to 42.92, highlights the profound effectiveness of interactive, immersive technologies in fostering
superior conceptual understanding and promoting active learner engagement.' The observed shifts in student perceptions,
moving from initial neutrality or uncertainty to strong positive agreement across various learning constructs, further
underscore the intervention's success. !

The study contributes significantly to the understanding of how immersive technologies and gamified design principles
can collectively create an effective, engaging, and enjoyable learning environment.' It specifically demonstrates the power
of AR in visualizing abstract 3D concepts, which is particularly beneficial for subjects like 3D printing, and the critical
role of gamification in introducing motivational elements such as challenges and rewards, thereby fostering a dynamic and
stimulating learning environment for technical subjects.'

From a practical standpoint, the results strongly suggest that technology-driven approaches like AR and gamification are
powerful pedagogical tools, especially valuable for technical and design-based education where spatial reasoning and
hands-on interaction are essential.! This supports the broader adoption of AR and gamified learning strategies as
meaningful alternatives to traditional teaching methods, paving the way for more engaging and impactful educational
experiences in curricula design and instructional practices.! This directly links the study's findings to actionable
recommendations for educators and curriculum designers.

Theoretically, this study reinforces the effectiveness of active learning and application, demonstrating that engaging
learners through interactive game applications, rather than passive information reception, significantly boosts confidence
and the ability to apply theoretical knowledge in practical scenarios.' Furthermore, it underscores the importance of positive
emotional experiences, such as enjoyment and reduced anxiety, in the learning process. The novelty and interactivity
inherent in game-based AR/VR environments were shown to increase receptiveness to complex material, thereby
contributing to better learning outcomes.' This connection between practical outcomes and theoretical underpinnings
provides a holistic view of the study's impact, contributing to the fundamental understanding of how learning occurs.

For future research, several directions emerge from this study's findings and limitations. It would be valuable to investigate
the long-term impact of AR/VR gamified learning on knowledge retention and skill application over extended periods.
Replicating the study with larger and more diverse student populations, encompassing different age groups, academic
backgrounds, and institutional settings, would enhance the generalizability of the findings. Comparative studies assessing
the effectiveness of AR/VR with gamification against other innovative pedagogical approaches or different forms of
technology integration could provide further context. Additionally, isolating the impact of individual gamification
mechanics (e.g., points, leaderboards, narrative) could offer more granular insights into optimal design. Integrating
objective performance assessments alongside self-reported perceptions would provide a more comprehensive evaluation
of learning effectiveness. Finally, exploring the economic feasibility and scalability of implementing AR/VR gamified
learning solutions in diverse educational institutions would be a critical area of inquiry. These proposed avenues for future
research directly address the study's limitations and explore new frontiers, demonstrating a comprehensive understanding
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of the evolving research landscape.
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