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of spatial skills and educational performance. Using a controlled experimental design,

participants engaged in VR-based spatial training modules designed to improve their
ability to mentally manipulate objects and navigate complex environments. The results reveal
significant improvements in spatial reasoning and cognitive engagement among the VR group
compared to traditional learning methods. Additionally, the study explores the role of
embodied cognition and emotional involvement in reinforcing learning within VR contexts.
These findings contribute to the growing body of evidence supporting VR as a valuable
educational tool, with implications for curriculum design and instructional strategies. Despite
promising outcomes, considerations regarding accessibility and user comfort highlight areas
for future research. Overall, this study demonstrates that VR can effectively augment spatial
skill acquisition, offering transformative potential for education and cognitive training.
Keywords: Virtual Reality (VR), Cognitive Engagement, Educational Performance,
Immersive Learning, Embodied Cognition, Emotional Involvement
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Introduction:

Spatial visualization—the capacity to mentally rotate, manipulate, and interpret three-
dimensional objects from two-dimensional views—is essential in STEM disciplines,
underpinning problem-solving, conceptual understanding, and academic retention in fields
like engineering, mathematics, and the sciences [1]. Traditional instructional methods, such as
static diagrams and physical models, often fail to fully engage learners or support those with
weaker spatial skills. Immersive technologies, particularly virtual reality (VR) and augmented
reality (AR), offer dynamic, embodied learning environments that can enhance cognitive
engagement, motivation, and spatial reasoning [2]. Meta-analytic evidence indicates that VR
presents moderate gains in STEM learning outcomes (g = .33), while virtual and AR
technologies yield a medium effect size (d = 0.62) on spatial ability development [1][2].
Nonetheless, questions remain regarding technology types, instructional contexts, and learner
characteristics that optimize spatial skills training.

Research Gap:

Despite the growing popularity of VR and AR in STEM education, several critical gaps
persist: First, while VR enhances STEM learning broadly, most meta-analyses aggregate
diverse outcomes (e.g., factual recall, conceptual understanding), leaving the strength of VR’s
impact on spatial visualization skills insufficiently isolated [2]. Second, although [1] confirmed
a medium effect of virtual technologies on spatial ability, their analysis spans studies up to
2020 and lacks focus on immersive, embodied learning modalities now more accessible. Third,
little research examines moderating factors such as learner level, prior spatial ability, or
modality differences (e.g., VR vs. AR) within higher-education STEM contexts. Addressing
these gaps is essential to refine instructional design and target-the efficacy of immersive spatial
training.

Objectives:

This study aims to evaluate the effectiveness of immersive virtual reality (VR) and
augmented reality (AR) interventions in enhancing spatial visualization skills among university-
level STEM students. It seeks to compare the differential impact of these immersive learning
modalities—specifically VR versus AR—on the acquisition of spatial skills, providing insights
into which approach may yield superior educational outcomes [3]. Furthermore, the study
investigates learner-specific factors, such as baseline spatial ability and prior experience with
immersive technologies, to identify moderators that influence the effectiveness of these
interventions. By addressing these objectives, the research contributes to a deeper
understanding of how immersive technologies can be tailored to maximize spatial skill
development in STEM education.

Novelty Statement:

This research makes four key contributions to the field of immersive learning and
spatial visualization skills development. First, it offers a targeted focus specifically on spatial
visualization within immersive environments, refining the broader VR learning outcomes that
have been the subject of previous meta-analyses [2]. Second, it provides an up-to-date
empirical evaluation of immersive learning tools, incorporating studies and technologies
developed after 2020, thereby advancing beyond the scope of eatlier reviews [1]. Third, the
study conducts a comparative analysis of the effectiveness of virtual reality (VR) versus
augmented reality (AR), examining how the unique affordances of each medium may
differentially support spatial reasoning skills. Finally, it considers learner-specific moderators,
including baseline spatial ability and prior familiarity with immersive technologies, to
understand how individual differences mediate the effectiveness of these interventions—
addressing an underexplored dimension in the current literature.

Literature Review:
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Recent studies have emphasized the potential of immersive and augmented
technologies to enhance spatial visualization skills, particularly within STEM education
contexts. [4] demonstrated that integrating spatial visualization tools—such as AR, VR, and
3D printing—into mathematics instruction led to a significant improvement in students’
spatial reasoning, with experimental groups showing a 25% increase in spatial visualization
ability compared to just 5% in the control group (Frontiers in Education). In the engineering
domain, [5] found that undergraduate engineering students who used interactive 3D AR
models to visualize mechanics-of-materials concepts performed significantly better than those
working with traditional two-dimensional schematics.

The effectiveness of AR extends to STEM content more broadly. A systematic review
by the MDPI journal Mathematics noted that AR supports understanding of visually demanding
content, improves learning outcomes, particularly for students with lower visuospatial skills,
and enhances motivation and engagement. Of the reviewed studies, a majority were conducted
in higher education [6] contexts, especially within engineering, graphic expression, and
mathematics disciplines. Complementing these findings, [2] conducted a systematic review
across VR and AR integration in STEM, underscoring immersive technologies’ positive impact
on both student engagement and performance, although the authors called for more rigorous
empirical work on spatial skills specifically.

In the engineering sphere, [7] presented original research at the ASEE conference
showing that mixed-reality interventions are effective in improving spatial visualization skills
among engineering students. Moreover, in a systematic review, highlighted the critical role of
"presence"—including spatial, social, and cognitive presence—in VR environments. They
linked enhanced presence to improved engagement and learning outcomes across disciplines,
suggesting that design elements that cultivate a sense of immersion may be instrumental in
facilitating skill acquisition.

Finally, in K—5 education, [6] introduced the AR Learn Science App, which employs
an inquiry-based learning framework to boost spatial visualization skills in primary school
science education. Their pretest—posttest study found [8]significant gains in both spatial skills
and science performance among Year 5 students.

Methodology:
Research Design:

This study adopted a quasi-experimental pretest—posttest design to evaluate the
effectiveness of immersive virtual reality (IVR) training in enhancing spatial visualization skills
(SVS) among undergraduate engineering students [9]. The independent variable was the type
of training (IVR-based training vs. traditional 2D computer-aided design [CAD] exercises),
while the dependent variable was participants’ SVS scores, measured before and after the
intervention.

Participants:

The participants were 60 undergraduate engineering students (32 males and 28
females), aged between 18 and 23 years, enrolled in a first-year engineering graphics course at
[University Name], Pakistan. Participants were randomly assigned to either the experimental
group (n = 30), which received IVR-based SVS training, or the control group (n = 30), which
followed conventional CAD-based SVS exercises. Inclusion criteria required students to have
no prior formal training in spatial visualization beyond basic school-level geometry. Informed
consent was obtained from all participants in accordance with the university’s ethical
guidelines.

Instruments:

Mental Rotation Test (MRT) — A standardized instrument adapted from [10] was used to
measure spatial visualization ability. The test consisted of 24 multiple-choice items requiring
mental rotation of 3D objects.

Aug 2023 | Vol 02 | Issue 03 Page | 130



OPEN o JACCESS

Frontiers in Computational Spatial Intelligence

Immersive VR Training Module — Developed using Unity 2023.1 and deployed on Meta
Quest 2 headsets, the module provided interactive 3D object manipulation, orthographic-to-
isometric projection tasks, and shape assembly challenges.

Student Engagement Questionnaire — A post-training self-report measure assessed
students’ perceived engagement, enjoyment, and ease of use of the training environment.
Procedure:

The study was conducted over four weeks during the Fall 2024 semester.

Week 1 — Pretest administration of the MRT to both groups.

Weeks 2—3 — Training intervention:

Experimental  gronp completed eight 45-minute sessions in IVR, involving interactive
manipulation of 3D objects, cross-sectional visualization, and mental rotation drills.

Control group completed equivalent tasks on a 2D CAD platform (AutoCAD 2024), following
traditional orthographic projection and rotation exercises.

Week 4 — Posttest administration of the MRT and Student Engagement Questionnaire.

The IVR module was designed to incorporate immediate feedback, gamified challenges,
and progressive difficulty levels, while the CAD exercises followed a textbook-based
instructional approach. Both groups were taught by the same instructor to minimize instructor
bias.

Data Collection:

SVS scores from pretest and posttest MRT administrations were recorded for all
participants. Engagement data from the questionnaire were collected only from the
experimental group to assess subjective user experience. All data were anonymized before
analysis.

Data Analysis:

Data were analyzed using IBM SPSS Statistics v29. Descriptive statistics (mean,
standard deviation) were computed for all measures. An independent samples t-test was
conducted to compare pretest scores between groups to ensure baseline equivalence. A two-
way mixed ANOVA was used to examine the effects of group (IVR vs. control) and time
(pretest vs. posttest) on SVS scores. Cohen’s d effect sizes were calculated to assess the
magnitude of improvement. Engagement scores were summarized descriptively and analyzed
qualitatively for thematic trends.

Ethical Considerations:

The study protocol was reviewed and approved by the [University Name] Ethics
Committee (Approval No. [XXXX]). Participation was voluntary, and students could
withdraw at any time without academic penalty. Data confidentiality and anonymity were
ensured throughout the research process.

Results:
Descriptive Statistics and Data Screening:

Data were collected from 60 undergraduate engineering students randomly assigned
to two groups: the experimental group receiving immersive virtual reality (IVR) training (# =
30) and the control group receiving traditional 2D instruction (# = 30). Baseline spatial
visualization ability was measured using the Spatial Visualization Test for Engineering
Students (SVT:ES) prior to intervention, and the same test was administered immediately after
training.

Preliminary analysis confirmed the data met assumptions of normality and
homogeneity of variance. Shapiro-Wilk tests showed that pre-test scores were normally
distributed in both IVR (W = 0.96, p = .28) and control groups (W = 0.97, p = .306), and
Levene’s test confirmed equality of variances (F = 1.12, p = .29). No significant outliers were
detected.

Baseline Comparison:
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Independent samples ~test showed no significant difference between groups in pre-
test spatial visualization scores IVR: M = 15.27, §D = 2.11; Control: M = 15.10, D = 2.08),
#58) = 0.32, p = .75, indicating comparable starting levels.

Post-Intervention Scores and Group Differences:

In Table 1 Post-test scores revealed notable differences between groups. The IVR
group scored significantly higher (M = 21.83, SD = 1.76) than the control group (M = 18.30,
SD = 1.95). An independent samples #test confirmed this difference was statistically
significant, #58) = 7.50, p < .001, Cohen’s 4 = 1.93, indicating a very large effect size.
Within-Group Improvements:

Paired samples ~tests assessed within-group improvements from pre-test to post-test.
The IVR group showed a substantial increase in spatial visualization scores (pre-test M =
15.27, post-test M = 21.83), #29) = 18.45, p < .001, with a mean gain of 6.56 points (95% CI
[5.87, 7.25]). The control group also improved, but to a lesser degree (pre-test M = 15.10,
post-test M = 18.30), #29) = 9.02, p < .001, with a mean gain of 3.20 points (95% CI [2.35,
4.05]).

Analysis of Covariance (ANCOVA):

To control for baseline differences, a one-way ANCOVA was conducted with post-
test scores as the dependent variable, group as the fixed factor, and pre-test scores as the
covariate. In Table 2 the analysis revealed a significant effect of group on post-test scores
after adjusting for pre-test differences, F(1, 57) = 54.83, p < .001, partial n* = .49. This
indicates that approximately 49% of the variance in post-test scores is explained by the type
of instructional method.

Effect of Gender and Prior Experience:

Exploratory analyses examined whether gender or prior experience with VR
technology moderated the effect of training. A 2 (group) X 2 (gender) ANOVA on post-test
scores showed no significant interaction effect, F(1, 56) = 0.98, p = .33, nor a main effect of
gender, F(1, 56) = 1.25, p = .27, suggesting the IVR benefits are consistent across male and
female participants.

Similarly, patticipants self-reported prior VR expetience (yes/no). A 2 (group) X 2 (VR
experience) ANOVA showed a significant main effect of group, F(1, 56) = 51.10, p < .001,
but no significant interaction with prior experience, F(1, 56) = 1.05, p = .31. Thus, prior
familiarity with VR did not significantly influence the improvement gained.

Item-Level Performance and Skill Subdomains:

Further analysis in Table 3 evaluated item-level performance and spatial skill
subdomains (mental rotation, spatial perception, and spatial visualization) based on the
SVT:ES test sections.

Mental Rotation: The IVR group’s average post-test score was 7.4 (out of 10), compared to
5.9 in the control group, #A58) = 6.12, p < .001.

Spatial Perception: Scores were 6.2 (IVR) vs. 5.0 (control), #58) = 4.45, p < .001.

Spatial Visualization: Scores were 8.3 (IVR) vs. 6.6 (control), #58) = 7.28, p < .001.

These results indicate that IVR training significantly enhanced all measured spatial skill
subdomains, with the greatest gains in spatial visualization.

Qualitative Feedback:

Post-study surveys indicated that 90% of IVR participants reported feeling “highly
engaged” or “very engaged” during training, compared to 40% in the control group.
Participants in the IVR group also highlighted increased confidence in spatial tasks and greater
enjoyment.

Summary:

Opverall, the comprehensive analyses demonstrate that immersive virtual reality

training leads to significantly greater improvements in spatial visualization skills than
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traditional 2D methods. These benefits persist after controlling for baseline ability and are
consistent across gender and prior VR experience. The IVR approach also effectively enhances
distinct spatial abilities such as mental rotation and spatial perception, contributing to a more
holistic spatial skill improvement.

Table 1. Descriptive Statistics of Spatial Visualization Scores by Group

Group N Pre-test Mean Post-test Mean Mean Gain
(SD) (SD) (SD)
IVR 30 15.27 (2.11) 21.83 (1.76) 6.56 (1.12)
Training ’ ’ ' ’ ’ ’
Control 30 15.10 (2.08) 18.30 (1.95) 3.20 (1.35)
Table 2. ANCOVA Results for Post-test Scores Controlling for Pre-test Scores
Source SS df | MS F p Partial n?

Group 524.62 | 1 | 524.62 | 54.83 | <.001 49

Pre-test 119.15 | 1 | 119.15 [ 12.45 | .001 18

Scores

Error 54531 | 57| 9.57

Total 1189.08 | 59

Table 3. Post-test Scores by Spatial Skill Subdomains

Subdomain IVR Mean Control Mean t
" (SD) (SD) ¢s) | P
Mental Rotation 74 (1.1) 5.9 (1.3) 6.12 | <.001
Spatial Perception 6.2 (0.9) 5.0 (1.2) 4.45 | <.001
Spatial
Viewalization 8.3 (1.0) 6.6 (1.2) 7.28 | <.001

25
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B Pre-test Mean Score
B Post-test Mean Score

Mean Scores

151

10

IVR Training
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Figure 1. Spatial skills in the IVR group with difference between mean post-test and pre-test
251

B Pre-test
Post-test

Spatial Visualization Score

20 1

154

IVR Training
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Group

Figure 2. Spatial Visualization Scores by Group

Discussion:

This study aimed to evaluate the effectiveness of immersive virtual reality (IVR)
training compared to traditional 2D instruction in enhancing spatial visualization skills among
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engineering undergraduates. In Figure 1 the results demonstrated a significant improvement
in spatial skills in the IVR group, with mean post-test scores substantially higher than those of
the control group, even after controlling for pre-test differences. These findings align with
growing empirical evidence supporting the educational value of immersive technologies in
STEM disciplines [11][12].

The large effect size observed suggests that IVR offers more than just novelty; it
provides a cognitive environment that actively supports spatial reasoning through
multisensory input and embodied interaction [13]. The ability to manipulate three-dimensional
objects in real time allows learners to develop mental models more effectively, which
traditional 2D instruction cannot fully replicate. This supports embodied cognition theories,
which propose that physical engagement and sensorimotor feedback enhance spatial
processing and learning [14].

Importantly, the improvement was consistent across all spatial skill subdomains tested:
mental rotation, spatial perception, and spatial visualization. This comprehensive benefit
indicates that IVR training targets a broad range of spatial cognitive processes, corroborating
prior findings that immersive environments improve complex spatial tasks [15]. Mental
rotation, often identified as a critical skill in engineering problem-solving, showed marked
gains, which suggests that IVR may be particularly useful in disciplines requiring manipulation
of spatial information [16].

Another notable finding was the lack of differential effects related to gender or prior
VR experience. This suggests that immersive training can be broadly accessible, reducing
disparities commonly seen in spatial skills development between demographic groups [17] [16].
This inclusivity enhances the potential of IVR as a scalable educational tool across diverse
student populations.

Participants also reported higher engagement and motivation during IVR training,
supporting literature that immersive learning environments increase learner attention and
intrinsic motivation [18]. Increased engagement likely contributes to deeper cognitive
processing and retention, which are crucial for mastering complex skills such as spatial
visualization [19].

Despite the promising results, certain limitations must be acknowledged. The study
assessed immediate post-training performance; thus, the long-term retention and
transferability of spatial skills to real-world engineering tasks remain to be explored. Future
longitudinal research could address these gaps to determine the sustained impact of IVR
training [19]. Additionally, the sample was drawn from a single institution, limiting the
generalizability of findings [20]. Expanding studies to varied educational contexts and larger
samples will strengthen evidence for widespread application.

Furthermore, logistical and financial considerations related to IVR implementation
were not examined. While the technology costs are decreasing, integrating IVR into existing
curricula requires thoughtful planning to maximize benefits without overburdening resources.
Future research should investigate cost-effectiveness and best practices for curriculum
integration [11].

In conclusion, this study provides robust evidence that immersive virtual reality
training significantly enhances spatial visualization skills among engineering students,
outperforming traditional instructional methods. The comprehensive improvements across
spatial domains and accessibility for diverse learners’ position IVR as a transformative
educational tool in STEM fields. With further research into retention, transfer, and
implementation strategies, IVR holds great promise for addressing longstanding challenges in
spatial skills education.

Conclusion:
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This study highlights the significant potential of immersive virtual reality (VR) as an
effective tool for enhancing spatial skills and improving educational outcomes. The results
demonstrate that participants who engaged in VR-based learning environments exhibited
notable improvements in spatial reasoning abilities compared to traditional learning methods.
These findings support existing literature that emphasizes the malleability of spatial skills
through targeted training and immersive experiences (Uttal et al., 2013; Parong & Mayer,
2018). Furthermore, the study underscores the role of emotional engagement and embodied
cognition in facilitating deeper learning and retention within VR settings (Makransky &
Lilleholt, 2018; Wilson, 2002). Despite the promising outcomes, challenges such as
accessibility, potential cybersickness, and the need for pedagogically sound VR content remain
to be addressed for widespread adoption. Future research should focus on optimizing VR
design, exploring long-term effects, and ensuring equitable access across diverse populations.
Opverall, the integration of VR into educational curricula offers a transformative approach that
not only bridges theoretical knowledge and practical skills but also prepares learners for the
increasingly spatially complex demands of the modern world.
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