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ABSTRACT

This study explores the application of metaverse and VR technologies in engineering science popularization for
teenagers (13-18 years old) and evaluates their impact on learning outcomes, engagement, and interest in engi-
neering careers. We developed a metaverse-based engineering science popularization platform (EngiVerse) with
VR modules (e.g, virtual mechanical assembly, civil engineering structure simulation) and conducted a quasi-expe-
riment with 800 teenagers across 4 countries. Results indicate that teenagers using EngiVerse showed significantly
higher engineering knowledge retention (M=82%, SD=7.3) than those in the traditional classroom group (M=65%,
SD=9.8; t (798)=21.45, p<0.001) and 2D online group (M=71%, SD=8.5; t (798)=14.23, p<0.001). Immersion level
(B=0.38, p<0.001) and interactive task design ($=0.29, p<0.001) were key predictors of learning outcomes. Addi-
tionally, 68% of EngiVerse users reported increased interest in pursuing engineering majors, compared to 42% in
the traditional group. This study provides design guidelines for metaverse/VR science popularization tools tailored
to teenagers and highlights their potential to address engineering talent pipeline gaps.
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1. Introduction

1.1 Background

Engineering drives global innovation—from renewable energy systems to smart infrastructure—
but there is a growing shortage of youth interested in engineering careers. A 2024 report by the World
Federation of Engineering Organizations (WFEO) found that only 15% of teenagers globally consider
engineering as a career option, citing "lack of engaging learning experiences" and "difficulty connecting
theory to real life" as key barriers (WFEQ, 2024). Traditional engineering science popularization methods

(e.g., textbooks, classroom lectures, 2D videos) fail to address these issues: they are passive, abstract, and
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unable to simulate the hands-on nature of engineering practice (National Academy of Engineering [NAE],
2023).

Metaverse and VR technologies offer a transformative solution. The metaverse—an immersive 3D
virtual environment enabling real-time interaction—allows teenagers to "experience" engineering in action
(e.g., building a bridge, repairing a robot) without physical constraints. VR, as a core component of the
metaverse, enhances immersion by simulating sensory feedback (e.g., haptic vibrations when assembling
a machine part), making abstract concepts (e.g., force distribution in a truss) tangible (IEEE, 2023). Early
applications, such as the "VR Engineering Lab" developed by MIT’s Media Lab (2024), have shown promise
in increasing teenage engagement with engineering topics, but rigorous empirical research on learning

outcomes and design principles is lacking.

1.2 Research Gaps

Three critical gaps persist in the use of metaverse/VR for teenage engineering science popularization:

Age-Specific Design Deficits: Most existing metaverse/VR science popularization tools are designed
for adults or younger children, ignoring teenagers’ unique cognitive needs (e.g., desire for autonomy,
complex problem-solving challenges) and technical preferences (e.g., social interaction with peers) (Williams
etal, 2023).

Limited Evidence on Learning Outcomes: Studies focus on short-term engagement (e.g., time spent
in the platform) rather than long-term knowledge retention and career interest. No study has systematically
compared metaverse/VR to traditional and 2D online science popularization methods across diverse
cultural contexts.

Immersion-Learning Link Unclear: While immersion is often cited as a key advantage of metaverse/
VR, there is no consensus on how to measure immersion or how it relates to learning. For example, does
higher immersion always lead to better outcomes, or does it cause "cognitive overload" in teenagers? (Ling
etal, 2024).

1.3 Research Objectives

This study addresses these gaps with three core objectives:

Develop a metaverse-based engineering science popularization platform (EngiVerse) tailored to
teenagers, with VR modules optimized for their cognitive and social needs.

Evaluate EngiVerse’s effectiveness in improving engineering knowledge retention, engagement, and
career interest, compared to traditional classroom and 2D online science popularization.

Identify key design principles for metaverse/VR teenage engineering science popularization focusing

on immersion level, interactive task design, and social interaction features.

1.4 Paper Structure

Section 2 reviews literature on metaverse/VR in science education and teenage engineering science
popularization. Section 3 details the design of EngiVerse and the quasi-experimental methodology. Section
4 presents results on learning outcomes, engagement, and career interest. Section 5 discusses design

guidelines and practical implications. Section 6 concludes with limitations and future research directions.
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2. Literature Review

2.1 Metaverse/VR in Science Education

Metaverse and VR have been increasingly used in science education, with studies showing positive
impacts on engagement and comprehension. A 2023 meta-analysis of 50 studies found that VR-based
science learning increased knowledge retention by 28% compared to traditional methods, primarily due
to enhanced immersion and interactivity (Smith et al., 2023). In the metaverse, social interaction further
amplifies these effects: a study by Stanford’s Educational Technology Lab (2024) found that students
collaborating in a metaverse chemistry lab retained 35% more knowledge than those learning alone in VR.

However, challenges exist for teenage learners. VR-induced motion sickness (experienced by 15-20%
of teenagers) can reduce engagement (IEEE, 2023). Additionally, most metaverse platforms require high-
end hardware (e.g., $800+ VR headsets), limiting access for low-income groups (Mendez et al., 2023). For
engineering specifically, existing tools often simplify practice too much (e.g., pre-programmed assembly

steps), failing to teach the problem-solving skills critical to engineering careers (NAE, 2023).

2.2 Teenage Engineering Science Popularization: Challenges and Needs

Teenagers (13-18 years old) have distinct needs for engineering science popularization:

Cognitive Needs: They can handle complex problems but require clear connections between theory
and real life. For example, learning about "torque"” is more effective if they can apply it to tightening a bolt in
avirtual car engine (Williams et al., 2023).

Social Needs: They value peer interaction—Ilearning with friends increases motivation and
persistence. Traditional science popularization methods, which are often individual, fail to address this (Khan
etal, 2024).

Career Relevance Needs: They want to understand how engineering relates to their interests
(e.g., gaming, environmental activism). A teenager interested in climate change may engage more with a
metaverse module on designing wind turbines (WFEO, 2024).

Traditional science popularization methods fail to meet these needs. Textbooks present engineering as
a sequence of formulas, while 2D videos show but do not let teenagers "do" engineering. Even hands-on labs
have limitations: they are expensive, time-consuming, and cannot simulate high-risk scenarios (e.g., testing
a bridge’s load capacity to failure) (NAE, 2023).

2.3 Immersion in Metaverse/VR: Measurement and Impact

Immersion—defined as the "sense of being present in a virtual environment"—is a key feature of
metaverse/VR, but its measurement and impact on learning are debated. Researchers have identified three
dimensions of immersion (Slater & Wilbur, 2022):

Sensory Immersion: The extent to which the virtual environment stimulates senses (e.g., visual
realism, haptic feedback).

Cognitive Immersion: The extent to which the user is focused on the virtual task (e.g., ignoring
distractions).

Social Immersion: The extent to which the user feels connected to other virtual participants (e.g,,
collaborating on a task).

Studies show that moderate sensory immersion improves learning, but excessive immersion (e.g.,

overly realistic blood in a medical VR simulation) can cause cognitive overload (Ling et al,, 2024). For
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teenagers, social immersion is particularly important: a 2024 study found that teenage students in a
metaverse physics class retained 22% more knowledge when working in peer groups than when working
alone (Mendez et al., 2024). However, no study has measured all three immersion dimensions in the context

of teenage engineering science popularization.

3. Methodology

3.1 Design of EngiVerse

EngiVerse is a metaverse-based engineering science popularization platform designed for teenagers
(13-18), built on the Unity engine with VR support (compatible with Oculus Quest 2/3 and HTC Vive). It

includes four core components:

3.1.1 VR Engineering Modules

Three modules were developed based on teenage interests and engineering priority areas (WFEO,
2024):

Mechanical Engineering: Robot Assembly: Teenagers assemble a virtual robot (e.g., a drone, a
robotic arm) using haptic controllers. The module provides real-time feedback (e.g., "Too much force—this
part will break") and explains engineering concepts (e.g., "Gears with more teeth rotate slower but generate
more torque").

Civil Engineering: Bridge Design: Teenagers design and test a virtual bridge (e.g., beam bridge,
suspension bridge) under different loads (e.g., cars, trucks). The module visualizes force distribution (e.g.,
red areas = high stress) and allows "failure testing" (e.g., seeing what happens when a bridge collapses due
to poor design).

Renewable Energy: Solar Panel Installation: Teenagers install and optimize a virtual solar panel
system on a house. The module teaches concepts like "solar irradiance" and "angle of inclination" and lets
users compare energy output under different conditions (e.g., sunny vs. cloudy days).

3.1.2 Metaverse Social Features

Peer Collaboration: Teenagers can form groups (2-4 people) to work on tasks (e.g., designing a
bridge together). They can communicate via voice chat and share virtual tools (e.g., passing a wrench to a
teammate).

Mentor Sessions: Professional engineers volunteer to host weekly "office hours" in the metaverse,
answering questions (e.g., "What's it like to be a civil engineer?") and guiding teenagers on complex tasks.

Achievement System: Teenagers earn badges (e.g., "Bridge Master," "Robot Expert") for completing
tasks, fostering motivation. Badges are shareable on social media, encouraging peer recognition.

3.1.3 Accessibility and Safety Features

Hardware Adaptability: EngiVerse can be used with low-cost VR headsets ($299 Oculus Quest 2) or
even without VR (via a desktop 3D mode), ensuring access for low-income groups.

Motion Sickness Mitigation: The module includes adjustable movement speeds and a "comfort mode"
that reduces visual acceleration, lowering motion sickness risk to <5% (tested in pilot studies).

Content Safety: All interactions are moderated by Al and human staff to prevent inappropriate
behavior. Personal data (e.g., voice recordings) is encrypted and not shared with third parties.

3.1.4 Learning Assessment Tools

Embedded Quizzes: Short quizzes (3-5 questions) after each task measure immediate understanding
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(e.g., "Why is a suspension bridge better for long spans?").

Knowledge Retention Tests: A 20-question test administered 4 weeks after platform use measures
long-term retention.

Engagement Metrics: The platform tracks time spent in the module, number of tasks completed, and

peer interaction frequency.

3.2 Quasi-Experimental Design

To evaluate EngiVerse, we conducted a quasi-experiment with 800 teenagers (13-18 years old) from 4
countries (USA, China, Brazil, India) between March and June 2024. Participants were recruited from public
schools with similar socioeconomic profiles to ensure comparability.

3.2.1 Groups

Participants were assigned to one of three groups based on their school’s existing science
popularization program:

EngiVerse Group (n=270): Used EngiVerse for 90 minutes/week for 4 weeks (total 6 hours). They
completed all three VR modules and participated in at least one peer collaboration session.

Traditional Classroom Group (n=265): Received traditional engineering science popularization
(textbooks, lectures, 2D videos) for 90 minutes/week for 4 weeks. Content was identical to EngiVerse (e.g.,
robot assembly, bridge design).

2D Online Group (n=265): Used a 2D online engineering science popularization platform (e.g.,
interactive quizzes, 2D animations) for 90 minutes/week for 4 weeks. Content and time commitment
matched EngiVerse.

3.2.2 Participants

Demographics were balanced across groups:

Age: 13-15 (52%), 16-18 (48%).

Gender: Male (51%), Female (49%).

Prior Engineering Exposure: None (62%), Basic (e.g., Lego robotics club, 35%), Advanced (e.g.,
engineering camp, 3%).

Country: USA (25%), China (25%), Brazil (25%), India (25%).

3.2.3 Measures

Data were collected via three sources:

Knowledge Retention: A 20-question multiple-choice test (a=0.87) administered before (pre-test)
and 4 weeks after (post-test) the intervention. Example question: "Which type of bridge is most suitable for
spanning a wide river? A) Beam bridge B) Suspension bridge C) Arch bridge".

Engagement: Measured via (a) time spent on task (platform logs for EngiVerse and 2D groups;
teacher logs for traditional group), (b) task completion rate (percentage of tasks finished), and (c) a 5-item
engagement scale («=0.82) (e.g., "I looked forward to the engineering activities").

Career Interest: A 6-item scale (a=0.84) measuring interest in engineering careers (e.g., "I would
consider studying engineering in college") administered pre- and post-intervention.

Immersion (EngiVerse Group Only): A 12-item scale (a=0.89) measuring sensory, cognitive, and
social immersion (e.g., "I felt like I was actually assembling a robot" [sensory]; "I didn’t notice time passing

while using EngiVerse" [cognitive]; "I felt connected to my peers in the metaverse" [social]).
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3.2.4 Procedure

Pre-intervention (Week 1): All participants completed the pre-test (knowledge retention) and career
interest scale.

Intervention (Weeks 2-5): Participants engaged in their assigned science popularization activities
(90 minutes/week). EngiVerse group participants received a 15-minute training session on using the VR
headsets/platform.

Post-intervention (Week 6): All participants completed the post-test (knowledge retention) and career
interest scale. EngiVerse group participants also completed the immersion scale.

Follow-up (Week 10): A subset of 300 participants (100 per group) completed a short career interest

survey to measure sustained impact.

3.3 Data Analysis
Quantitative Data: Analyzed using SPSS 28.0 and R 4.3.0. Key analyses included:

Repeated-measures ANOVA to compare pre-post knowledge retention and career interest across
groups.

Pearson correlations to examine the relationship between immersion dimensions (sensory, cognitive,
social) and knowledge retention in the EngiVerse group.

Multiple regression to identify predictors of career interest (e.g., engagement, immersion, country).

Qualitative Data: Open-ended responses from participants (e.g., "What did you like most about

EngiVerse?") were analyzed using thematic analysis (Braun & Clarke, 2022) to identify common themes.

4. Results

4.1 Technical Performance of EngiVerse

EngiVerse met all technical targets across diverse hardware and regions:

Hardware Compatibility: 98% of participants using Oculus Quest 2/3 and 95% using desktop 3D
mode reported no technical issues (e.g., crashes, lag).

Motion Sickness: Only 4.8% of EngiVerse participants reported mild motion sickness, well below the
15-20% average for VR educational tools (IEEE, 2023).

Cross-Country Access: Platform load times averaged 2.3 seconds (+0.5) in the USA,

3.1 seconds (+0.7) in China, 3.5 seconds (+0.9) in Brazil, and 3.8 seconds (+1.1) in India—well within

the 5-second threshold for user engagement (Mendez et al., 2024).
4.2 Knowledge Retention Qutcomes

4.2.1 Pre-Post Comparison Across Groups
Repeated-measures ANOVA revealed a significant main effect of group on post-test knowledge

retention (F(2,797)=128.67, p<0.001), with significant pre-post improvements in all groups (Table 1):

Post-Test Mean

Group Pre-Test Mean (SD) (SD) Mean Improvement (SD) t-Statistic p-Value

Erg;lVerse 52% (8.9) 82% (7.3) +30% (9.1) 45.23 <0.001
roup

Trgdltlonal 51% (9.2) 65% (9.8) +14% (10.3) 20.76 <0.001
roup
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Post-Test Mean

Group Pre-Test Mean (SD) (SD) Mean Improvement (SD) t-Statistic p-Value
2%0”"”6 53% (8.7) 71% (8.5) +18% (9.5) 27.89  <0.001
roup

Post-hoc Tukey tests confirmed that the EngiVerse Group’s post-test score was significantly higher
than both the Traditional Group (p<0.001) and 2D Online Group (p<0.001), while the 2D Online Group
outperformed the Traditional Group (p<0.01).

4.2.2 Impact of Immersion on Knowledge Retention (EngiVerse Group)

Pearson correlations showed that all three immersion dimensions were positively correlated with
post-test knowledge retention:

Sensory Immersion: r=0.32, p<0.001 (e.g., haptic feedback during robot assembly improved
understanding of force application).

Cognitive Immersion: r=0.45, p<0.001 (e.g., focus on bridge design tasks reduced distraction and
improved retention of truss structure concepts).

Social Immersion: r=0.39, p<0.001 (e.g., collaborating with peers to solve solar panel alignment
problems enhanced knowledge of solar irradiance).

Multiple regression further showed that cognitive immersion (=0.28, p<0.001) and social immersion
(B=0.21, p<0.001) were the strongest predictors of retention, even after controlling for age and prior

engineering exposure.

4.2.3 Cross-Country Differences

Knowledge retention gains were consistent across countries, with no significant interaction between
group and country (F(6,791)=1.89, p=0.08). The EngiVerse Group’s mean improvement ranged from +28%
(India) to +32% (USA), indicating that the platform’s design is culturally adaptable.

4.3 Engagement Outcomes

4.3.1 Time Spent and Task Completion

Time Spent: The EngiVerse Group spent an average of 87 minutes/week on the platform—12 minutes
more than the required 90-minute session (due to voluntary extra practice), compared to 82 minutes/week
for the 2D Online Group and 75 minutes/week for the Traditional Group (F(2,797)=35.67, p<0.001).

Task Completion Rate: 94% of EngiVerse participants completed all three modules, compared to
78% of 2D Online participants and 65% of Traditional Group participants (x*(2)=89.32, p<0.001). The most
popular module in the EngiVerse Group was Robot Assembly (98% completion), followed by Bridge Design
(92%) and Solar Panel Installation (90%).

4.3.2 Engagement Scale Results

The EngiVerse Group scored significantly higher on the engagement scale (M=4.2/5, SD=0.6) than
the 2D Online Group (M=3.5/5, SD=0.7; t(533)=12.89, p<0.001) and Traditional Group (M=2.8/5, SD=0.8;
t(533)=21.45, p<0.001). Key drivers of engagement (from open-ended responses) included:

Hands-On Interaction: "I liked being able to build the robot instead of just watching a video" (cited by
45% of EngiVerse participants).

Peer Collaboration: "Working with my friends to fix the bridge made it fun, not like school work" (cited
by 38%).
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Immediate Feedback: "Knowing right away if I used too much force on the robot part helped me learn
faster” (cited by 32%).

4.4 Career Interest Outcomes

4.4.1 Pre-Post Changes

All groups showed increased career interest, but the EngiVerse Group had the largest improvement
(Table 2):

Percentage Reporting Increased

Group Pre-Test Mean (SD) Post-Test Mean (SD) Interest
EngiVerse Group 2.7/6 (1.1) 4.8/6 (0.9) 68%
Traditional Group 2.6/6 (1.2) 3.5/6 (1.1) 42%
2D Online Group 2.8/6 (1.0) 3.9/6 (1.0) 51%

Regression analysis showed that engagement ($=0.35, p<0.001) and social immersion (=0.24,
p<0.001) were the strongest predictors of career interest. For example, participants who collaborated with
peers in EngiVerse were 2.3 times more likely to report increased interest in engineering than those who
worked alone (OR=2.3, 95% CI=1.8-2.9, p<0.001).

4.4.2 Follow-Up Results (Week 10)

The EngiVerse Group retained higher career interest at follow-up (M=4.5/6, SD=1.0) compared to
the 2D Online Group (M=3.6/6, SD=1.1; t(297)=8.76, p<0.001) and Traditional Group (M=3.2/6, SD=1.2;
t(297)=13.45, p<0.001). This suggests that metaverse/VR experiences have a sustained impact on career
aspirations.

4.4.3 Gender Differences

While male participants initially reported higher career interest than females (pre-test: M=3.1/6 vs.
M=2.3/6, p<0.001), the EngiVerse Group reduced this gap: post-test female interest (M=4.5/6) was not
significantly different from male interest (M=5.0/6, p=0.06). Female participants cited the "collaborative

and non-competitive" nature of EngiVerse as a key reason for increased interest.
5. Discussion

5.1 Theoretical Implications
This study advances three key theoretical domains in metaverse/VR and science education:

5.1.1 Immersion-Learning Relationship in Teenage Education

Our findings refine the "Immersion-Cognitive Load Framework" (Ling et al., 2024) by showing that
moderate, targeted immersion—not just high immersion—drives learning in teenagers. Cognitive
immersion (focus on tasks) and social immersion (peer collaboration) were more impactful than sensory
immersion (visual/haptic realism), challenging the common assumption that "more realism = better
learning." For example, excessive sensory details (e.g., hyper-realistic rust on virtual bridge parts) did not

improve retention and sometimes distracted participants, highlighting the need for age-specific immersion
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calibration.

5.1.2 Social Learning in Virtual Environments

We validate the "Peer Interaction Advantage" (Williams et al., 2023) by showing that teenage learning
in the metaverse is amplified by social interaction. The 39% correlation between social immersion and
knowledge retention, and the 2.3x higher career interest in collaborative users, demonstrate that metaverse
science popularization tools must prioritize social features—not just technical immersion—to engage
teenagers. This aligns with developmental psychology research showing that adolescence is a period of
heightened sensitivity to peer influence (Khan et al.,, 2024).
5.1.3 Cross-Cultural Adaptability of Metaverse Tools

The consistent effectiveness of EngiVerse across four diverse countries (USA, China, Brazil, India)
supports the "Cultural Neutrality of Hands-On Learning" hypothesis (Mendez et al., 2023). Unlike traditional
science popularization methods, which often rely on culture-specific examples (e.g., Western engineering
projects), metaverse tools use universal, hands-on tasks (e.g., robot assembly) that transcend cultural

barriers. This makes them particularly valuable for global engineering science popularization initiatives.

5.2 Practical Implications: Design Guidelines for Teenage Metaverse/VR Engineering
science popularization
Based on our results, we propose five evidence-based design guidelines for developers and educators:

5.2.1 Prioritize Cognitive and Social Immersion Over Sensory Realism

Cognitive Immersion: Design tasks that require active problem-solving (e.g., troubleshooting a bridge
collapse) rather than passive observation. Embed "micro-challenges" (e.g., adjusting solar panel angle to
meet energy goals) to maintain focus.

Social Immersion: Include mandatory peer collaboration features (e.g., 2-person bridge design teams)
and optional social spaces (e.g., a "virtual engineering café" for informal discussion). Avoid solo-only modes,
as they reduce engagement and retention.

Sensory Immersion: Use moderate realism (e.g., basic haptic feedback for part assembly) to avoid
cognitive overload. Test sensory features with teenage focus groups to ensure they support—not distract
from—Ilearning.

5.2.2 Align Tasks With Teenage Interests and Autonomy Needs

Interest-Driven Modules: Develop modules tied to teenage hobbies (e.g., gaming-inspired robot
battles, environmental activism-focused renewable energy projects). The high completion rate of
EngiVerse’s Robot Assembly module (98%) reflects teenagers’ interest in technology and hands-on creation.

Autonomy Support: Allow teenagers to customize tasks (e.g., choosing bridge location, robot design)
to satisfy their desire for control. EngiVerse participants who customized their robots reported 25% higher

engagement than those who used pre-set designs.

5.2.3 Ensure Accessibility and Inclusivity

Hardware Flexibility: Design tools for low-cost VR headsets (e.g., Oculus Quest 2) and non-VR modes
(desktop 3D) to reach low-income groups. EngiVerse’s desktop mode had similar retention gains (M=79%)
to VR mode (M=82%), showing that accessibility does not compromise effectiveness.

Gender Inclusivity: Avoid gendered stereotypes (e.g., "engineering is for boys") in module design and
marketing. EngiVerse’s collaborative, non-competitive tasks helped reduce the gender gap in career interest,

demonstrating that inclusive design can broaden participation.
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5.2.4 Integrate Immediate Feedback and Achievement Systems

Real-Time Feedback: Provide specific, actionable feedback (e.g., "Your bridge failed because the truss
spacing is too wide—try reducing it to 1 meter") rather than generic praise. This helps teenagers connect
mistakes to engineering principles.

Achievement Systems: Use shareable badges and progress trackers to foster motivation. EngiVerse
participants who shared their "Bridge Master" badge on social media were 1.8 times more likely to complete
additional modules.

5.2.5 Link to Real-World Engineering Careers

Mentor Sessions: Partner with professional engineers to host metaverse office hours, allowing
teenagers to see the "human side" of engineering. 72% of EngiVerse participants who attended mentor
sessions reported increased career interest.

Real-World Connections: Include examples of how module tasks relate to actual engineering jobs (e.g.,
"Civil engineers design bridges like the one you built to keep communities safe"). This helps teenagers see

the relevance of their virtual experiences.
5.3 Policy and Practice Recommendations

5.3.1 For Schools and Educational Institutions

Integrate Metaverse/VR Into STEM Curricula: Replace 1-2 traditional engineering lessons per
semester with metaverse/VR sessions. EngiVerse’s 30% retention gain shows this can improve learning
without increasing workload.

Train Teachers in Metaverse Facilitation: Provide professional development for teachers to guide
students in virtual tasks (e.g., mediating peer collaboration, interpreting feedback). Teachers in our study
reported that 15-20 hours of training was sufficient to feel confident using EngiVerse.

5.3.2 For Policymakers

Fund Low-Cost VR Hardware for Public Schools: Allocate grants to purchase affordable VR headsets
(e.g., Oculus Quest 2) for low-income schools. This would address the "digital divide" in metaverse education
access.

Develop National Standards for Metaverse science popularization Tools: Create guidelines for
accuracy, accessibility, and safety (e.g., data privacy) to ensure quality. The WFEO could lead a global effort
to harmonize these standards.

5.3.3 For Industry and Nonprofits

Partner With Educational Developers: Tech companies (e.g., Meta, Unity) should collaborate with
engineering educators to design evidence-based metaverse tools. EngiVerse’s success relied on input from
Stanford and Tsinghua engineering education experts.

Expand Global Access: Nonprofits (e.g., UNESCO, Engineers Without Borders) should deploy
metaverse science popularization tools in low-resource regions. EngiVerse’s cross-country effectiveness

shows this could help address global engineering talent shortages.
6. Conclusion and Future Research Directions

6.1 Summary of Findings

This study demonstrates that metaverse/VR technologies can transform teenage engineering science

10
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popularization by addressing key limitations of traditional methods. The EngiVerse platform, designed for
teenagers’ cognitive and social needs, achieved 30% higher knowledge retention, 68% increased career
interest, and 94% task completion—significantly outperforming traditional classrooms and 2D online
tools. Key success factors included cognitive and social immersion, peer collaboration, and alignment with
teenage interests. Importantly, EngiVerse was effective across diverse countries and reduced the gender gap

in engineering career interest, showing its potential to broaden participation in engineering.

6.2 Limitations

This study has three key limitations:

Short-Term Follow-Up: While we measured career interest at 10 weeks, longer-term studies (1-2
years) are needed to determine if metaverse experiences translate to actual engineering career choices (e.g.,
college majors).

Module Scope: EngiVerse focused on three engineering areas (mechanical, civil, renewable energy).
Future tools should include other disciplines (e.g., aerospace, chemical engineering) to test generalizability.

Socioeconomic Diversity: While we included low-income schools, our sample did not include
teenagers in extreme poverty or regions with limited internet access. Future research should explore offline

metaverse solutions (e.g., pre-downloaded modules) for these groups.
6.3 Future Research Directions

6.3.1 Technical Innovation

Al-Powered Adaptive Learning: Integrate Al to customize module difficulty based on teenager
performance (e.g, increasing challenge for advanced users, providing extra guidance for struggling users).
This could further improve retention and engagement.

Multisensory Immersion: Test the impact of additional sensory feedback (e.g., temperature changes

to simulate engine heat) on learning. However, care must be taken to avoid cognitive overload.

6.3.2 Audience-Specific Research

Younger Teenagers (11-13): Adapt EngiVerse for pre-adolescents, who have different cognitive
needs (e.g., simpler tasks, more guidance). This could build early interest in engineering.

Teenagers With Disabilities: Design accessible features (e.g., voice controls for visually impaired

users, simplified movements for motor disabilities) and test their effectiveness.

6.3.3 Long-Term Impact Studies

Career Path Tracking: Follow participants through high school and college to measure if EngiVerse
use correlates with engineering major choice and career entry.

Skill Transfer: Test if metaverse-learned skills (e.g., bridge design) transfer to real-world engineering
tasks (e.g., building a small-scale bridge model).
6.3.4 Cross-Disciplinary Applications

Other STEM Fields: Adapt the metaverse/VR design guidelines for science (e.g., virtual chemistry labs)
and math (e.g.,, 3D geometry simulations) to see if they replicate the engineering science popularization
success.

Humanities Integration: Explore "engineering + humanities” modules (e.g., designing a culturally

significant bridge) to appeal to teenagers interested in non-technical fields
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6.3.4 Cross-Disciplinary Applications

Other STEM Fields: Adapt the metaverse/VR design guidelines for science (e.g., virtual chemistry labs
where teenagers mix "safe" virtual chemicals to observe reactions) and math (e.g., 3D geometry simulations
where teenagers manipulate shapes to understand volume formulas). Preliminary tests of a metaverse
chemistry module (based on EngiVerse’s design) showed 25% higher knowledge retention than 2D videos,
suggesting the guidelines are transferable.

Humanities Integration: Explore "engineering + humanities” modules (e.g., designing a culturally
significant bridge for a historical community, or an eco-friendly school in a developing country) to appeal
to teenagers interested in non-technical fields. This could broaden engineering’s appeal beyond students
with strong math/science backgrounds—early feedback from 50 humanities-focused teenagers found 70%
interest in such cross-disciplinary tasks.

6.3.5 Ethical and Safety Research

Digital Wellbeing: Investigate the impact of long-term metaverse use on teenage mental health (e.g.,
screen time, social comparison). Our study’s 90-minute/week sessions showed no negative effects, but
longer use (e.g., 3+ hours/week) may require monitoring.

Data Privacy: Develop frameworks to protect teenage data in metaverse science popularization tools
(e.g., encrypting voice chat recordings, anonymizing task performance data). Partner with child advocacy
groups (e.g., UNICEF) to ensure compliance with global privacy laws (e.g.,, COPPA in the USA, GDPR in the
EU).

Appendix A: Experimental Tools and Materials

A.1 EngiVerse Platform Specifications

Component Details
Base Engine Unity 2023.1 (compatible with Windows, macOS, Android)
VR Compatibility Oculus Quest 2/3, HTC Vive, Valve Index (6DoF tracking)
Non-VR Mode Desktop 3D (mouse/keyboard or touchscreen control)
Network Requirements Minimum 5 Mbps download speed (for real-time peer collaboration)
Storage 8 GB (VR mode), 5 GB (desktop mode)
Safety Features Motion sickness "comfort mode," content moderation Al, parental controls

A.2 Immersion Measurement Scale (EngiVerse Group)

The 12-item scale (a=0.89) measured three dimensions of immersion, with responses on a 5-point

Likert scale (1="Strongly Disagree" to 5="Strongly Agree"):

Dimension Items

Sensory 1. | felt like |1 was actually touching the robot parts.2. The virtual environment looked
Immersion realistic.3. The haptic feedback helped me understand how forces work.

Cognitive 4. 1 didn’t notice time passing while using EngiVerse.5. | focused entirely on the
Immersion engineering tasks.6. | forgot | was using a VR headset/computer.
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Dimension Items
7. | felt connected to my peers while working on tasks together.8. Communicating with my
group in the metaverse was easy.9. | trusted my peers’ input during collaboration.

Overall 10. The metaverse felt like a "real" place to learn engineering.11. | would prefer using
Immersion EngiVerse over other learning tools.12. | felt engaged throughout the entire session.

Social Immersion

A.3 Knowledge Retention Test Sample Items

Which type of bridge is most suitable for spanning a wide river (e.g., 500+ meters)? A) Beam bridge B)
Suspension bridge C) Arch bridge

What happens to the torque of a wrench when you increase the length of the handle? A) Torque
increases B) Torque decreases C) Torque stays the same

Why is it important to angle solar panels toward the sun? A) To reduce wind resistance B) To

maximize solar irradiance absorption C) To prevent overheating
Appendix B: Cross-Country Implementation Notes

B.1 Regional Adaptations

While EngiVerse’s core modules were consistent across countries, minor adaptations were made to
align with local contexts:

India: Added a "rural bridge design" scenario (e.g., designing a bridge for a village river) to reflect
common engineering needs.

Brazil: Included Portuguese language support and adjusted virtual landscapes to match local
geography (e.g., Amazon rainforest backgrounds for solar panel tasks).

China: Added a "high-speed rail bridge" module extension, linking to China’s infrastructure priorities,

which increased task completion by 10%.

B.2 School Collaboration Details

Participants were recruited from 16 public schools (4 per country) with similar socioeconomic
profiles:

USA: 2 urban schools (Los Angeles, Chicago), 2 rural schools (Iowa, Tennessee).

China: 2 urban schools (Beijing, Shanghai), 2 rural schools (Sichuan, Gansu).

Brazil: 2 urban schools (Sdo Paulo, Rio de Janeiro), 2 rural schools (Minas Gerais, Parana).

India: 2 urban schools (Delhi, Mumbai), 2 rural schools (Rajasthan, Karnataka).
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