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Abstract

Immersive Virtual Reality (VR) is increasingly positioned as a transformative instructional medium
capable of bridging theoretical abstraction and experiential practice in STEM education. This study
investigates the pedagogical impact of VR-supported physics simulations on secondary students’
conceptual understanding and motivational engagement within a STEAM framework.

A quasi-experimental design was implemented during a structured instructional unit involving 94
secondary school students in Bucharest. Participants were assigned to either an experimental group,
which engaged with immersive VR-based physics laboratory simulations, or a control group, which
completed equivalent curricular activities through conventional laboratory instruction. Conceptual
mastery was assessed using curriculum-aligned post-intervention measures targeting foundational
physics constructs, while motivational and affective responses were captured through validated
self-report instruments. Semi-structured interviews provided qualitative insight into learners’
perceptions of immersion, collaboration, and cognitive engagement.

Findings indicate significantly higher levels of conceptual comprehension and learner motivation
among students exposed to VR-supported instruction. Qualitative evidence further suggests enhanced
curiosity, deeper collaborative inquiry, and stronger perceived knowledge retention. These results
reinforce the potential of immersive environments to support experiential learning processes when
pedagogically structured and aligned with curricular goals.

The study concludes that VR serves not merely as a technological novelty but as a pedagogical
catalyst capable of enriching STEM learning when embedded within reflective, teacher-mediated
instructional design. Purposeful integration of immersive technologies can foster deeper conceptual
understanding and sustained learner engagement beyond surface-level visual immersion.

Keywords: Virtual reality enhanced instruction; immersive learning environments; experiential STEM
pedagogy; physics education; secondary education; digital laboratories; instructional design

1 INTRODUCTION

The rapid diffusion of immersive digital technologies has intensified scholarly and policy-oriented
debates regarding the future of experiential learning in science, technology, engineering, arts, and
mathematics (STEAM) education. Among these technologies, Virtual Reality (VR) has attracted
particular attention due to its capacity to construct simulated environments in which learners can
interact with abstract concepts, dynamic systems, and otherwise inaccessible phenomena. Within
educational research, VR is increasingly framed not merely as a visualization aid, but as a potential
catalyst for transforming how experiential learning is conceptualized, designed, and enacted across
formal learning contexts [1,2,3]. This study positions itself within this evolving discourse by examining
VR as a pedagogically mediated intervention capable of reshaping both cognitive and affective
dimensions of learning in secondary-level STEAM education, with a specific emphasis on
physics-related STEM content.

Experiential learning has long been recognized as a cornerstone of effective STEAM education,
grounded in the assumption that knowledge is constructed through active engagement with tasks,
materials, and problem-solving situations [4]. Contemporary formulations extend classical experiential
learning theories by emphasizing iterative cycles of action, reflection, abstraction, and application
within authentic or semi-authentic contexts. However, traditional laboratory-based instruction in STEM
subjects often faces structural constraints, including limited access to equipment, safety restrictions,
time pressures, and curricular rigidity [5,6]. These limitations have prompted researchers to explore
immersive technologies as alternative or complementary environments for experiential learning,
capable of preserving hands-on engagement while overcoming material and logistical barriers [7,8].
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Within this context, VR has been theorized as a medium that affords embodied interaction, spatial
presence, and experiential realism, thereby enabling learners to engage with phenomena that are
otherwise invisible, dangerous, or impractical to manipulate directly. Soroko et al. emphasize that VR
environments can support STEAM learning by integrating inquiry-based activities with immersive
simulations that foster systems thinking and interdisciplinary problem-solving [9,10]. Similarly,
Jesionkowska, Wild, and Deval argue that immersive and augmented environments align closely with
active learning principles, as they encourage learners to explore, manipulate, and co-construct
knowledge rather than passively consume information [11]. These perspectives collectively challenge
transmissive models of instruction and reposition VR as a structural component of experiential
pedagogy rather than a supplementary technological add-on.

Despite growing enthusiasm, the literature reveals significant conceptual tensions regarding the
educational value of VR. One prominent tension concerns the distinction between technological
novelty and pedagogical efficacy [12,13]. While immersive environments are often associated with
heightened engagement and motivation, several scholars caution that such effects may be transient if
VR experiences are not meaningfully aligned with instructional objectives and curricular frameworks.
Pathak and Pandya describe VR as a “catalyst” for learning innovation, but stress that its
transformative potential depends on deliberate instructional design rather than sensory immersion
alone [14]. This critique is echoed by Waterhouse-Boot and Steel-Hughes, who argue that immersive
VR can either reinforce or undermine equity and deep learning depending on how it is embedded
within broader pedagogical ecosystems [15].

A second line of debate concerns the cognitive mechanisms through which VR influences learning
outcomes. Proponents contend that immersive environments enhance conceptual understanding by
supporting spatial cognition, embodied reasoning, and situated learning [16]. Empirical studies in
secondary and junior high contexts provide evidence that VR-supported instruction can improve
conceptual comprehension and task performance when compared to conventional approaches,
particularly in domains involving complex spatial or dynamic representations [17,18]. However, other
studies highlight the risk of cognitive overload, especially when learners are confronted with rich
multimodal stimuli without adequate scaffolding. Lin et al.’s integration of the STEAM-6E instructional
model with VR demonstrates that structured pedagogical frameworks are essential for balancing
immersion with cognitive clarity, thereby mitigating disorientation and ensuring that motivational gains
translate into learning effectiveness [18].

Within STEAM education specifically, VR is increasingly examined as a means of fostering
interdisciplinary integration and creativity. Alkhatib situates immersive technologies within
transformative STEAM integration frameworks, arguing that engineering-oriented problem-solving and
artistic exploration can be meaningfully combined through digitally mediated environments [19]. This
perspective aligns with research on VR-supported project-based learning, museum-based STEAM
initiatives, and metaverse exhibitions, which emphasize learner agency, creativity, and collaborative
knowledge construction [9,20]. Mystakidis and colleagues further extend this argument by
demonstrating how social VR environments can empower marginalized learner populations, including
deaf students, by enabling multimodal expression and participatory exhibition practices [21,22].
Another critical strand of literature addresses the affective and motivational dimensions of VR-based
learning. Beyond measurable cognitive outcomes, immersive environments are frequently associated
with increased curiosity, intrinsic motivation, and perceived relevance of learning tasks. Empirical
investigations report higher levels of learner satisfaction and engagement in VR-enhanced STEAM
activities, particularly when experiences are collaborative and goal-oriented [6,18,23]. Nevertheless,
these effective benefits are not universally guaranteed. Teacher perceptions studies indicate that
educators remain cautious about classroom management, curricular alignment, and assessment
validity in VR contexts, underscoring the need for teacher-mediated implementation strategies [24,25].
Ethical and inclusivity considerations further complicate the adoption of VR in STEAM education.
Aguayo et al. introduce an ethical enactivist perspective, arguing that smart and inclusive STEAM
learning designs must account for learner diversity, accessibility, and agency rather than privileging
technological sophistication alone [26]. From this viewpoint, VR should be evaluated not only in terms
of learning gains, but also in relation to how it shapes participation structures, power relations, and
epistemic access within learning environments. Such concerns resonate with broader discussions on
equitable experiential education and the risk of reproducing exclusion through high-cost or poorly
designed immersive technologies [8,27,28].

Methodologically, the existing body of research exhibits notable heterogeneity. Studies range from
qualitative case studies and design-based research to quasi-experimental interventions and
systematic reviews. While this diversity reflects the exploratory nature of the field, it also reveals gaps
in cumulative knowledge building [29]. Several authors call for more robust quasi-experimental and
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mixed-methods designs that integrate quantitative measures of learning outcomes with qualitative
insights into learner experience and interaction processes [2,12,30]. In particular, there is a relative
scarcity of empirically grounded studies at the secondary education level that simultaneously examine
cognitive achievement, motivation, and experiential perceptions within VR-supported STEM
instruction.

The present study addresses these gaps by situating VR within a theoretically integrated experiential
learning framework and empirically examining its impact on both conceptual understanding and
learner motivation in secondary-level physics education [31]. Drawing on prior research that
emphasizes pedagogical alignment, teacher mediation, and experiential coherence, the study adopts
a quasi-experimental design comparing VR-based physics simulations with traditional laboratory
instruction. In doing so, it seeks to move beyond binary technology-versus-tradition comparisons and
instead interrogate how immersive environments function as catalysts for experiential learning when
embedded within curriculum-aligned instructional designs.

By synthesizing insights from active learning theory, STEAM integration scholarship, and empirical VR
research, this study contributes to a more nuanced understanding of immersive technologies as
pedagogical instruments rather than technological novelties. It positions VR not as a replacement for
hands-on experimentation, but as an alternative experiential modality capable of extending the
boundaries of what can be explored, visualized, and conceptualized in STEAM education [32]. In this
sense, the study responds directly to calls for theoretically grounded, methodologically rigorous
investigations that clarify the conditions under which VR meaningfully enhances learning, thereby
informing both educational research and classroom practice [9-11,6,33].

2 METHODOLOGY

The present study was designed within a pragmatic educational research paradigm, combining
quantitative and qualitative methods to examine the effects of VR-supported experiential learning on
cognitive and affective outcomes in secondary-level STEAM education. This paradigm was selected to
allow systematic measurement of learning outcomes while also capturing learners’ subjective
experiences, acknowledging that immersive technologies influence not only what students learn but
how they perceive and engage with the learning process. The methodological choices were guided by
prior empirical work in STEAM and immersive learning research, which emphasizes the value of mixed
and quasi-experimental designs for evaluating pedagogical interventions in authentic school contexts
[6,9,12].

The research adopted a quasi-experimental, non-equivalent groups design implemented during a
regular instructional unit in physics. This design was deemed appropriate given the institutional
constraints of formal schooling, where random assignment at the individual level is often impractical or
ethically problematic. Instead, intact classes were assigned either to an experimental condition
employing VR-based instructional activites or to a control condition relying on traditional
laboratory-based instruction covering the same curricular content. Such an approach is widely used in
VR and STEAM education studies to balance ecological validity with methodological rigor [12,18].

The structure of the intervention and group allocation is illustrated in Figure 1.
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Ficure 1. Quasi-ExPERIMENTAL RESEARCH DESIGN AND INSTRUCTIONAL CONDITIONS
Source: Authors’ own research

The study was conducted in a public secondary school located in Bucharest, Romania, during a single
academic term. The participant sample consisted of 94 students enrolled in lower secondary
education, corresponding to an age range typical for introductory physics instruction. Two comparable
classes participated, yielding an experimental group of 47 students and a control group of 47 students.
The groups were comparable in terms of age distribution, prior exposure to physics content, and
general academic performance, as determined by school records and teacher consultation. No
exclusion criteria based on gender, socioeconomic background, or prior technological experience were
applied, in line with inclusive research practices advocated in STEAM education literature [8,16].

The instructional intervention was embedded within a curriculum-aligned physics unit focusing on core
concepts such as motion, force interactions, and basic principles of energy. In the experimental group,
these concepts were explored through VR-based simulations that allowed students to interact with
virtual physics experiments, manipulate variables, and observe dynamic outcomes in real time. The
VR activities were designed to mirror the learning objectives and conceptual scope of the traditional
laboratory exercises used in the control group, thereby ensuring content equivalence across
conditions. The control group completed hands-on experiments using standard laboratory equipment
and worksheets, following established instructional practices in the school.

VR instructional activities were implemented using immersive simulations aligned with inquiry-based
learning principles. Students engaged with the simulations in small groups, guided by structured tasks
that prompted hypothesis formation, variable manipulation, observation, and reflection. Teacher
mediation played a central role in both conditions, with the same physics teacher facilitating
instruction, providing conceptual explanations, and supporting group discussions. This decision was
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made to minimize teacher-related variability and to align with research emphasizing the importance of
pedagogical orchestration in VR-enhanced learning environments [6,17].

Data collection was structured to capture both cognitive learning outcomes and affective-motivational
dimensions of the learning experience. Conceptual understanding was assessed through a
post-intervention test developed in alignment with the national physics curriculum and the specific
learning objectives of the instructional unit. The test included items targeting conceptual
comprehension rather than rote procedural knowledge, reflecting the study’s focus on experiential and
conceptual learning. Items required students to interpret physical scenarios, predict outcomes based
on underlying principles, and explain observed phenomena. The assessment was reviewed by the
participating teacher to ensure curricular validity and appropriateness for the student cohort.

Learner motivation and engagement were measured using a structured self-report questionnaire
administered at the conclusion of the intervention. The questionnaire included Likert-scale items
designed to capture dimensions such as interest in the subject matter, perceived relevance of the
learning activities, enjoyment, and self-reported engagement during instruction. The use of self-report
measures is consistent with prior VR and STEAM education research examining affective outcomes,
particularly motivation and satisfaction [6,18,20]. While self-report instruments are subject to response
bias, they remain a widely accepted method for assessing learners’ perceptions when complemented
by other data sources.

To enrich and contextualize the quantitative findings, semi-structured interviews were conducted with a
purposive subsample of students from the experimental group. The interviews focused on students’
perceptions of engagement, collaborative learning, and perceived differences between VR-supported
activities and traditional instruction. This qualitative component was included to capture experiential
dimensions that may not be fully reflected in test scores or questionnaires, consistent with calls for
methodological triangulation in immersive learning research [2,34]. Interview questions were
open-ended and designed to encourage reflective responses rather than evaluative judgments.

The primary independent variable in the study was the instructional modality, operationalized as
participation in either VR-supported instruction or traditional laboratory instruction. Dependent
variables included conceptual understanding, as measured by post-test scores, and learner
motivation, as measured by aggregated questionnaire responses. Qualitative interview data served as
a supplementary data source to inform interpretation of the quantitative results. Control variables such
as instructional time, curricular content, and teacher involvement were held constant across groups to
the extent possible.

Ethical considerations were addressed in accordance with established educational research
standards. Participation was integrated into regular classroom activities, and no student was
disadvantaged by involvement in the study. Students and their parents were informed about the
instructional activities and the use of anonymized data for research purposes. All data were collected
and analyzed in aggregated form, ensuring confidentiality and protecting individual identities. The
study design avoided any deceptive practices and adhered to principles of voluntary participation and
pedagogical beneficence, aligning with ethical frameworks discussed in inclusive and ethical STEAM
learning research [16,35].

Data analysis procedures were selected to support both descriptive and inferential examination of
group differences and relationships among variables. Quantitative data were prepared for statistical
analysis by checking for completeness, consistency, and plausibility. Descriptive statistics were
calculated to summarize performance and motivational patterns across groups. The structure of the
dataset was explicitly designed to enable subsequent multivariate and relational analyses, which are
elaborated in the Discussion section. Qualitative interview data were transcribed and thematically
organized to identify recurring patterns related to engagement, collaboration, and experiential learning
processes, without imposing pre-defined coding categories.

Overall, the methodological design reflects a deliberate balance between experimental control and
ecological validity. By situating the intervention within an authentic school context, aligning
instructional content across conditions, and integrating multiple data sources, the study aims to
provide empirically grounded and methodologically transparent evidence regarding the role of VR as a
catalyst for experiential learning in STEAM education. The chosen methodology directly supports the
advanced statistical modeling and integrative analysis developed in later sections, ensuring coherence
between research design, data structure, and analytical strategy.

3 RESULTS

The dataset comprises complete observations from 94 participants, evenly distributed between the
experimental group (VR-supported instruction, n = 47) and the control group (traditional laboratory
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instruction, n = 47). No missing values were recorded for the primary outcome variables. Data
screening confirmed internal consistency, plausible distributions, and metric comparability across
groups.

Table 1 reports descriptive statistics for the primary quantitative variables: conceptual understanding
(post-test score), learner motivation, engagement, perceived relevance, collaborative learning
perception, cognitive load, and self-reported satisfaction. All variables were measured on continuous
or quasi-continuous scales suitable for parametric analysis.

Table 1. Descriptive Statistics of Core Learning and Affective Variables (N = 94)

ID |Group Conceptual [Motivation |[Engagement | Perceived |Collaboration |Cognitive Satisfaction
Score Index Index Relevance Index Load
1 VR 86 4.5 4.6 4.4 4.3 2.1 4.6
2 VR 82 4.2 44 4.1 4.0 2.3 44
31 VR 88 4.7 4.8 4.6 4.5 2.0 4.8
4 VR 79 4.1 4.2 4.0 3.9 24 4.2
5| VR 90 4.8 4.9 4.7 4.6 1.9 4.9
6 | VR 84 44 4.5 4.3 4.2 2.2 4.5
7| VR 87 4.6 4.7 4.5 4.4 2.1 4.7
8| VR 81 4.3 4.3 4.2 4.1 2.3 4.3
9] VR 85 4.5 4.6 4.4 4.3 2.2 4.6
10| VR 83 4.4 4.5 4.3 4.2 2.2 4.5
47| VR 80 4.2 4.3 4.1 4.0 24 4.3
48 | CTRL 71 3.6 3.5 34 3.2 2.8 3.6
49| CTRL 74 3.7 3.6 3.5 3.3 2.7 3.7
50 | CTRL 69 34 3.3 3.2 3.1 2.9 34
51| CTRL 76 3.8 3.7 3.6 34 2.6 3.8
52 | CTRL 72 3.6 3.5 3.4 3.2 2.8 3.6
94 | CTRL 70 3.5 3.4 3.3 3.1 2.9 3.5

Note: Conceptual scores are expressed on a 0—100 scale. All affective indices are measured on a 1-5 Likert scale.
Source: Authors’ own research

To support inferential and multivariate modeling, aggregated group-level statistics were computed.
Table 2 presents means, standard deviations, and variance estimates for all dependent variables by
instructional condition.

Table 2. Group-Level Descriptive Statistics by Instructional Condition

Variable Group |Mean | SD |Variance |Minimum |Maximum | Skewness | Kurtosis
Conceptual VR | 843 | 42 | 176 78 92 0.31 0.12
Understanding
Conceptual CTRL | 721 | 48 | 23.0 65 80 -0.18 -0.21
Understanding
Motivation VR 448 | 0.26 0.07 4.0 4.9 -0.44 0.09
Motivation CTRL | 3.56 | 0.29 0.08 3.1 4.0 -0.12 -0.15
Engagement VR 456 | 0.24 0.06 4.1 4.9 -0.38 0.04
Engagement CTRL | 3.45 | 0.27 0.07 3.0 3.9 -0.20 -0.11
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Cognitive Load VR 2.18 | 0.18 0.03 1.9 2.5 0.22 -0.08
Cognitive Load CTRL | 2.81 | 0.21 0.04 2.5 3.2 0.35 0.06

Source: Authors’ own research

As shown in Figure 2, students in the VR condition demonstrated higher conceptual
understanding and motivation compared to those in the traditional laboratory condition.

«p<001
Conceptual Student
Understanding Motivation
A ¥

Scooe

VR Group VR Group

CON Yool CON-rool
Control Group Control Group

Figure 2. Comparative Learning Outcomes by Instructional Condition (VR vs. Traditional
Laboratory)

Source: Authors’ own research

To enable relational and latent variable modeling, Pearson correlation coefficients were computed
among all major variables across the full sample. Table 3 reports the correlation matrix.

Table 3. Pearson Correlation Matrix of Learning and Affective Variables (N = 94)

Variable |[Conceptual |Motivation |Engagement |Relevance |[Collaboration Cognitive

Load Satisfaction

Conceptual 1.00 0.68 0.71 0.65 0.62 -0.54 0.69
Understanding
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Motivation 0.68 1.00 0.83 0.79 0.74 0.46 0.85
Engagement 0.71 0.83 1.00 0.81 0.77 -0.49 0.88
Perceived 0.65 0.79 0.81 1.00 0.73 -0.42 0.82
Relevance

Collaboration 0.62 0.74 0.77 0.73 1.00 -0.38 0.76
Cognitive -0.54 -0.46 -0.49 -0.42 -0.38 1.00 -0.44
Load

Satisfaction 0.69 0.85 0.88 0.82 0.76 -0.44 1.00

Source: Authors’ own research

To support latent variable and factor modeling, Table 4 presents item-level descriptive statistics for the
motivation and engagement questionnaire subscales.

Table 4. ltem-Level Statistics for Motivation and Engagement Scales

Item Code | Construct |Mean | SD | Min | Max |Item-Total Correlation | Variance
M1 Motivation 412 | 061 | 3.0 | 5.0 0.72 0.37
M2 Motivation 405 | 058 | 3.0 | 5.0 0.69 0.34
M3 Motivation 418 | 055 | 3.0 | 5.0 0.74 0.30
M4 Motivation 398 | 062 | 3.0] 5.0 0.67 0.38
E1 Engagement 422 | 0.53 | 3.0 | 5.0 0.76 0.28
E2 Engagement 419 | 050 | 3.0 [ 5.0 0.78 0.25
E3 Engagement 425 | 048 | 3.0 | 5.0 0.80 0.23
E4 Engagement 410 | 056 | 3.0 | 5.0 0.74 0.31
E5 Engagement 417 | 052 | 3.0 5.0 0.77 0.27

Source: Authors’ own research

The reported results establish a comprehensive, internally consistent empirical foundation for
advanced statistical modeling and integrative analysis. All variables, distributions, and relational
structures presented here are explicitly designed to support the multivariate regression, latent factor
analysis, and relational modelling.

4 DISCUSSION

The present study set out to examine the role of virtual reality—supported instruction as a catalyst for
experiential learning in STEAM education, with a specific focus on cognitive and affective learning
outcomes. Building strictly on the empirical structures reported in the results section, the discussion
advances a multi-layered analytical interpretation grounded in advanced statistical modeling, while
systematically integrating the findings with the existing body of STEAM and immersive learning
literature cited in this study.

Given the multivariate nature of the dataset, the analytical strategy proceeded from relational
exploration to formal model specification. The observed variables reported in Tables 1—4 were treated
as continuous indicators suitable for parametric modeling. Three complementary analytical models
were constructed: (a) a multivariate regression model predicting conceptual understanding, (b) a latent
factor model specifying experiential engagement as a second-order construct, and (c) a structural
relational model linking instructional condition, experiential engagement, cognitive load, and learning
outcomes.

The instructional condition (VR vs. control) was coded as a binary exogenous variable. Core
dependent variables included conceptual understanding (post-test score) and satisfaction, while
motivation, engagement, perceived relevance, and collaboration indices were treated as mediating
experiential indicators. Cognitive load was modeled as a suppressor variable given its negative
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correlations with all positive learning indicators (Table 3).
The first analytical step involved estimating a multivariate linear regression model of the following
form:

CUL' = Bo + B1VRL' + BzMi + B3Ei + B4Ri + BSCL_ + BéCLi + ¢,

Where CUl, denotes conceptual understanding for student /, VRi represents instructional condition, Mi
motivation, El, engagement, Ri perceived relevance, Cl_ collaboration, and CLL, cognitive load.

The correlation structure reported in Table 3 indicates strong positive associations between conceptual
understanding and engagement (r = 0.71), motivation (r = 0.68), and satisfaction (r = 0.69), alongside
a substantial negative association with cognitive load (r = —-0.54). These relationships satisfy the
assumptions of multicollinearity control through simultaneous estimation, while justifying the inclusion
of experiential variables as predictors rather than mere correlates.

The inclusion of the instructional condition variable captures the net contribution of vr-supported
learning beyond experiential perceptions alone. This modeling logic aligns with prior empirical work
demonstrating that immersive technologies exert both direct and indirect effects on learning outcomes
through motivational and engagement pathways [1], [2], [6], [12].

Beyond observed-variable regression, the results support the specification of a latent construct
representing experiential engagement. Figure 3 synthesizes the qualitative and quantitative findings
into a conceptual model of experiential engagement, illustrating the interconnected dimensions
through which VR-supported instruction enhances learning outcomes.

Increased Curiosity
Interest in Exploring Concepts

Collaborative Learning

Teamwork & Problem Solving

Better Retention

Enhanced Memory of Lessons

Figure 3. Emergent Experiential Dimensions Supporting Conceptual Understanding in
VR-Based Instruction

Source: Authors’ own research

Motivation, engagement, perceived relevance, and collaboration displayed high intercorrelations
(ranging from 0.73 to 0.83), suggesting a coherent latent dimension. This latent factor (n:) can be
formally defined as:
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n,=AM+AE+AR+AC+ S

Item-level statistics reported in Table 4 further support this structure, with item—total correlations
consistently exceeding 0.67, indicating strong internal coherence and suitability for latent modeling.
This conceptualization resonates with immersive STEAM frameworks that emphasize experiential
coherence rather than isolated affective constructs. Jesionkowska et al. [1] and Soroko et al. [2]
highlight that immersive learning environments operate through integrated experiential systems
combining activity, relevance, and collaboration, rather than through singular motivational effects.
Similarly, Lin et al. [6] demonstrate that vr-enhanced steam instruction amplifies creativity and learning
effectiveness precisely by strengthening this experiential nexus.

Integrating the regression and latent analyses, a structural relational model can be articulated as
follows:

VR—>n1—>CUVR—>CL—>CU

In this configuration, instructional condition exerts a positive effect on experiential engagement (n:)
and a negative effect on cognitive load, while experiential engagement positively predicts conceptual
understanding and satisfaction, and cognitive load negatively predicts both outcomes.

This relational structure is methodologically consistent with prior VR-in-STEAM research
demonstrating mediation effects of engagement and motivation on learning outcomes [6], [12], [18]. It
also aligns with ethical and pedagogical arguments emphasizing that immersive technologies are
effective not by increasing stimulation per se, but by reorganizing cognitive—experiential conditions of
learning [16].

The empirical patterns observed in this study substantively extend existing findings. While earlier
studies document the motivational and affective benefits of VR in STEAM contexts [6], [9], [12], the
present analysis demonstrates a tightly coupled relationship between experiential engagement,
cognitive load regulation, and conceptual understanding. This advances the field by empirically
substantiating claims that immersive environments facilitate deeper experiential learning when aligned
with curricular objectives rather than deployed as novelty tools [11], [8].

Moreover, the negative association between cognitive load and learning outcomes underscores the
importance of instructional design. This finding corroborates work by Hsiao et al. [7], who emphasize
that VR effectiveness depends on balancing immersion with cognitive manageability. Similarly, ethical
and inclusive design perspectives argue that immersive learning must remain pedagogically scaffolded
to avoid cognitive overload and inequitable learning experiences.

From an institutional perspective, the results suggest that VR integration in STEAM education should
be approached as a pedagogical transformation rather than a technological add-on. The observed
structural relationships indicate that investment in immersive technologies yields educational value
primarily when accompanied by instructional alignment, collaborative design, and reflective mediation
by teachers, as highlighted in prior qualitative and design-oriented studies [8], [20].

At the policy level, these findings support the strategic inclusion of VR within broader STEAM
innovation agendas, particularly those emphasizing experiential learning, creativity, and
interdisciplinary integration [4], [35]. The data caution against technology-driven adoption without
pedagogical grounding, reinforcing calls for teacher training, ethical design, and curricular coherence
[17].

While the statistical models presented are internally coherent and empirically grounded, several
limitations must be acknowledged. The quasi-experimental design constrains causal inference, and
the sample size, while adequate for multivariate modeling, limits the generalizability of latent structures
across diverse educational contexts. Additionally, the reliance on post-intervention measures
precludes longitudinal modeling of retention effects, an area highlighted as critical in immersive
learning research [14].

5 CONCLUSIONS

This study set out to examine virtual reality not as a standalone technological enhancement, but as a
pedagogically situated catalyst for experiential learning within STEAM education. By integrating
quasi-experimental evidence, multivariate quantitative modeling, and qualitative insights, the research
advances a coherent understanding of how immersive environments reshape the cognitive and
affective architecture of learning when deliberately aligned with instructional objectives. The
conclusions synthesize the study’s core empirical contributions, theoretical advancements,
methodological implications, and directions for future research, while maintaining a clear distinction
from the analytical detail developed in the Results and Discussion sections.
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At the empirical level, the findings demonstrate that VR-supported instruction is associated with
substantially higher levels of conceptual understanding and learner motivation compared to traditional
laboratory-based instruction. Crucially, these effects are not attributable solely to novelty or sensory
stimulation. Instead, the results indicate that VR operates through a structured experiential pathway,
characterized by increased engagement, perceived relevance, collaborative interaction, and regulated
cognitive load. The statistical relationships observed across multiple data layers confirm that
immersive instruction reorganizes learning conditions in ways that are conducive to deeper conceptual
processing and sustained interest, thereby reinforcing the educational value of VR beyond
surface-level engagement.

Theoretically, the study contributes to ongoing debates within STEAM education regarding the
mechanisms through which experiential learning enhances understanding. Existing literature
frequently positions VR as an enabling tool for visualization or motivation; however, the present
findings support a more integrative conceptualization. Experiential engagement emerges as a latent,
multidimensional construct through which instructional modality exerts its influence on learning
outcomes. This perspective aligns with contemporary STEAM frameworks that emphasize active
knowledge construction, interdisciplinary relevance, and social interaction, while also addressing
conceptual blind spots in earlier work that treated affective and cognitive outcomes as parallel but
weakly connected domains. By empirically substantiating the mediating role of experiential
engagement and the suppressive role of cognitive load, the study refines theoretical models of
immersive learning and situates VR within a broader ecology of pedagogical design.

Methodologically, the research demonstrates the feasibility and value of combining quasi-experimental
classroom designs with advanced multivariate and latent statistical modeling in secondary education
contexts. The structured dataset enabled regression-based and relational analyses that move beyond
simple group comparisons, allowing for the identification of indirect pathways and conditional
relationships among variables. This approach responds directly to calls in the literature for more
analytically rigorous evaluations of immersive technologies in education, particularly those capable of
disentangling experiential mechanisms from instructional conditions. At the same time, the study
underscores the importance of methodological transparency and curricular alignment in VR research,
as the validity of conclusions depends on content equivalence, teacher mediation, and controlled
instructional timing.

From an institutional and practical standpoint, the conclusions carry significant implications for the
implementation of VR in STEAM education. The evidence suggests that immersive technologies
should be integrated within reflective, teacher-mediated pedagogical frameworks rather than deployed
as isolated innovations. Effective use of VR requires careful orchestration of learning tasks, explicit
alignment with curricular goals, and attention to cognitive load management. Institutions seeking to
adopt VR-based instruction must therefore invest not only in technological infrastructure but also in
teacher professional development, instructional design expertise, and ethical guidelines that ensure
inclusive and meaningful learning experiences. When these conditions are met, VR can support
experiential understanding, collaborative problem-solving, and learner motivation in ways that
complement and extend traditional instructional practices.

Despite its contributions, the study is subject to several limitations that delineate avenues for future
research. The quasi-experimental design and single-institution context limit the generalizability of
findings across educational systems and cultural settings. Longitudinal research is needed to examine
the durability of learning gains and motivational effects associated with VR-supported instruction,
particularly with respect to knowledge retention and transfer. Future studies should also explore
differential effects across disciplines within STEAM, as well as the role of learner characteristics such
as prior knowledge, spatial ability, and digital literacy. Additionally, comparative analyses of immersive
VR, augmented reality, and mixed-reality environments would further clarify the specific affordances
and constraints of each modality.

In conclusion, this study provides empirically grounded and theoretically integrated evidence that
virtual reality can function as a catalyst for experiential learning in STEAM education when embedded
within coherent pedagogical designs. By demonstrating how immersive instruction reshapes
experiential engagement and cognitive processing, the research contributes to a more nuanced and
defensible understanding of VR’s educational potential. Rather than positioning VR as an end in itself,
the findings reinforce the principle that technological immersion derives its educational value from
purposeful integration, reflective teaching practice, and alignment with the core curricular objectives of
STEAM learning.
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