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efficacy of VR-only training versus traditional hands-on methods. It
specifically sought to measure (1) “virtual-to-real” skill transfer, (2) long-term
skill retention, and (3) training efficiency. An experimental pre-test/post-
test/retention-test design was used. 80 (N=80) novice welding trainees were
randomized to a VR-Only (n=40) or Traditional (n=40) group. Psychomotor
skill was measured on physical equipment at baseline (T1), post-intervention
(T2), and 4-week retention (T3) using an expert-validated rubric (PAR),
analyzed with ANCOVA. The VR-Only group demonstrated statistically
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INTRODUCTION

The global economy is undergoing a structural shift driven by automation, digitization,
and the principles of Industry 4.0. This transformation has generated an escalating, unmet
demand for a highly skilled technical workforce (Speiser & Teizer, 2024). Vocational
Education and Training (VET) institutions are at the forefront of this challenge, tasked with
preparing the next generation of technicians, mechanics, allied health professionals, and
advanced manufacturing operators (X. Li et al., 2024). The ability of these institutions to
provide effective, scalable, and safe training in complex psychomotor skills is, therefore, a
matter of urgent economic and strategic importance for national development (Borrelli et al.,
2025).

Traditional training paradigms for these technical skills, while effective, are beset by
severe limitations (Dong et al., 2025). The gold-standard apprenticeship model and hands-on
laboratory work are foundational, yet they are extremely resource-intensive, requiring
expensive, consumable physical materials, access to heavy machinery, and close, one-on-one
expert supervision (Anthamatten & Holt, 2024). These methods also carry inherent risks of
physical injury to the novice trainee and potential damage to costly, sensitive equipment. These
factors of cost, risk, and non-scalability create a critical bottleneck, limiting trainee throughput
and slowing the supply of qualified professionals (Kadri et al., 2024).

Virtual Reality (VR) has emerged as a disruptive technological solution poised to
transcend these limitations (Dragnes Brix et al., 2025). Immersive learning environments offer
the capacity to simulate complex, high-stakes technical procedures in a perfectly safe, endlessly
repeatable, and highly scalable digital space (Jarrin et al., 2024). Trainees can practice welding,
electrical diagnostics, surgical procedures, or automotive repair without consuming physical
materials or endangering themselves or the equipment (Chan et al., 2024). This paradigm of
“practice-on-demand” provides a data-rich environment where every action can be measured,
and performance can be tracked to a granular level, offering a pedagogical potential far beyond
what traditional labs can provide (Wei et al., 2025).

A significant discrepancy exists between the promotional discourse surrounding VR in
education and the empirical evidence required by vocational institutions (Khademi et al.,
2025). The dominant narrative has, for years, focused on the affective and cognitive construct
of “immersion” and “engagement (X. Jiang et al., 2025).” These metrics, while valuable, are
insufficient for vocational training. The critical question for a VET institution is not “Do
students enjoy the simulation?” but “Does the simulation make them better at the physical,
real-world job?” The field’s preoccupation with “immersion” as an outcome has obscured the
more fundamental, unanswered question of pedagogical efficacy (Guo et al., 2025).

The core problem this research addresses is the unverified efficacy and skill transfer of
VR simulations for developing complex, psychomotor-dominant technical skills (Wu et al.,
2025). Unlike cognitive learning (e.g., history, mathematics), technical skills require the
development of muscle memory, fine-motor control, and procedural fluency (Tingelhoff &
Marga, 2025). It remains critically unclear whether the procedural knowledge and motor skills
learned in a simulated environmen using a lightweight controller successfully transfer to a real-
world context involving the weight, heat, and haptic feedback of actual tools and materials.
This is the central “transfer-of-training” problem (Sanchez San Blas et al., 2025).

Vocational education and training (VET) institutions are consequently at a high-stakes,
multi-million dollar investment crossroads without adequate data (Bradley et al., 2024).
Pressure to appear “innovative” compels them to purchase expensive VR systems, yet they lack
rigorous, independent studies to guide implementation (Elkhamisy et al., 2025). They do not
know if VR is a validated replacement for certain training modules, a useful supplement to
traditional practice, or merely a costly “edutainment” novelty. This empirical void in efficacy
data is the specific problem this paper confronts, moving the conversation “beyond immersion”
to a focused analysis of “efficacy (Shen et al., 2024).”

Page | 233



Journal of Social Entrepreneurship and Creative Technology

The primary objective of this study is to empirically evaluate the efficacy of a VR-based
simulation module on the acquisition of a specific, complex technical skill (Santilli et al.,
2025). This research will utilize a pre-test/post-test control group design to quantitatively
compare the performance gains of VET students who train exclusively in the VR environment
(treatment group) against students who train for the same duration using traditional, hands-on
laboratory methods (control group) (Gong et al., 2024). The goal is to determine if VR-based
training is superior, equivalent, or inferior to the gold standard (Zhang et al., 2025).

A secondary, and equally critical, objective is to directly measure the transfer of skills
from the virtual to the physical domain (Bankins et al., 2025). This objective moves beyond
measuring performance within the simulation. It will be assessed by having all participants
(from both the VR group and the traditional group) perform the technical task on real physical
equipment in a final, summative post-test (Thrift et al., 2025). This allows for a rigorous, direct
comparison of which training modality produces greater competence in the real-world
application of the skill (Roy et al., 2025).

A tertiary objective is to analyze the “beyond efficacy” components of the training,
specifically skill retention and efficiency (Lonati et al., 2024). A delayed post-test (e.g., four
weeks after the initial intervention) will be administered to both groups to measure and
compare the long-term retention of the acquired skill (Chidume et al., 2025). Furthermore, the
study will measure time-to-competency, analyzing how long it takes an average student in each
group to reach a pre-defined performance benchmark, thereby providing crucial data on the
cost-effectiveness and efficiency of the training modality (Srikasem et al., 2025).

The existing scholarly literature on VR in education, while prolific, is heavily skewed
toward measuring affective outcomes (e.g., student engagement, motivation, presence) or
purely cognitive outcomes (e.g., knowledge recall, conceptual understanding) (Liu et al., 2024).
As identified in our theme, this study moves ‘“beyond immersion.” The literature is
significantly thinner on rigorous, controlled trials that measure psychomotor skill acquisition,
which is the non-negotiable currency of vocational education. Many studies end their analysis
by proving the simulation was ‘“engaging,” without proving it was effective (Albeaino et al.,
2025).

A second major gap exists in the fidelity of the analysis. Much of the research on
technical skills development fails to differentiate between “low-fidelity” simulations (e.g.,
mouse-and-keyboard or generic controller tasks) and “high-fidelity” simulations that
incorporate haptic feedback or realistic, weighted tool analogues (Wang et al., 2024). This
“fidelity gap” is critical; the field lacks a clear understanding of how much realism is necessary
(and cost-justified) to achieve successful skill transfer for complex motor tasks. It is unknown
if low-cost “consumer” VR is sufficient, or if high-cost, haptic-enabled “industrial” VR is
required (Christopoulos & Stylios, 2024).

Many existing studies that do measure efficacy suffer from a “black-box™ validation
problem. They often test a single, proprietary, commercial VR platform as a monolithic
intervention (Chitale et al., 2025). While these studies can conclude that “Platform X works,”
they provide no insight into the instructional design principles or feedback mechanisms within
the simulation that are responsible for the learning gains (J. Li & Zheng, 2025). The field lacks
granular, theory-driven research that unpacks why a simulation works, making it difficult to
generalize findings or develop new, effective training modules based on first principles (Ceylan
& Guvenc, 2025).

The primary novelty of this research is its methodological and conceptual re-orientation
of the research question. This study moves decisively beyond immersion as the primary
variable of interest (Dianatfar et al., 2025). It is novel in its singular focus on efficacy, transfer,
and retention as the critical outcomes (Jongbloed et al., 2024). By employing a rigorous, quasi-
experimental design that directly compares VR training to the traditional “gold standard” of
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hands-on practice, this study provides the high-quality, empirical data that VET stakeholders
have been missing.

This study provides a rigorous empirical contribution to the under-researched, high-
impact domain of psychomotor skill transfer. Its novelty lies in its specific focus on a complex,
technical task, which distinguishes it from the large body of research on cognitive or “soft”
skills (Lin et al., 2025). By focusing on transfer to a real-world assessment, this paper
addresses the central, unresolved doubt about VR’s vocational viability, providing a data-
driven blueprint for evaluating any “virtual-to-real” training pipeline.

This research is justified by its profound and immediate practical and economic urgency.
VET institutions are at a critical investment crossroads, facing multi-million-dollar decisions
on simulation technology with little to no independent, empirical guidance. This study is
justified by its aim to provide that guidance. It delivers the evidence-based data that
policymakers, deans, and curriculum designers need to optimize training, reduce costs, improve
safety, and effectively scale up the high-skilled technical workforce required for the 21st-
century economy.

RESEARCH METHOD
Research Design

This study employed a quantitative, pre-test/post-test control group experimental design.
This methodology was selected for its high internal validity in empirically evaluating the
comparative efficacy of two distinct training modalities, which is the primary research
objective. The design is specifically structured to measure not only the acquisition of technical
skills but also their direct transfer to a real-world physical task and their retention over time.

The experimental design involved two parallel groups: a VR-Only Treatment Group and
a Traditional Hands-on Control Group. Participants in both groups were assessed at three
distinct time points: (T1) a baseline pre-test on physical equipment, (T2) an immediate post-
test on physical equipment following the intervention period, and (T3) a delayed retention test,
also on physical equipment, administered four weeks after the post-test (Bennett et al., 2025).

This longitudinal structure allows for a robust analysis of all three research objectives.
The T1-T2 gain score comparison addresses the primary objective (Efficacy). The T2 post-test,
by being conducted on real-world equipment, directly measures the secondary objective (Skill
Transfer). The T3 delayed test provides the data necessary to evaluate the tertiary objective
(Skill Retention).

Research Target/Subject

The target population for this study comprised novice trainees enrolled in a certified
Vocational Education and Training (VET) institution within [Country/Region]. The specific
skill selected for this intervention was Gas Metal Arc Welding (GMAW), chosen for its high-
risk, high-cost, and complex psychomotor characteristics, which align perfectly with the
challenges outlined in the introduction (Zhao et al., 2024).

A total of 80 (N=80) first-semester trainees with no prior, formal welding experience
were recruited from [Name of VET Institution]. Participants were informed of the study’s
purpose and provided written informed consent. They were then randomly assigned, using a
stratified random sampling technique (stratified by baseline hand-eye coordination scores) into
two equally-sized groups: the VR-Only Treatment Group (n=40) and the Traditional Hands-on
Control Group (n=40).

Research Procedure

Ethical clearance for the study was obtained from the [Name of Institution’s] Institutional
Review Board (IRB). All 80 participants first completed the baseline pre-test (T1). This test
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required them to perform a single 15cm bead-on-plate weld on a physical GMAW machine.
This physical product was collected, coded, and scored by two independent, blinded CWI-
certified raters using the Performance Assessment Rubric (PAR) (Riddle et al., 2024).

Following the pre-test, the 10-hour training intervention began. Both groups received the
same initial two hours of identical, traditional classroom-based theory and safety instruction.
For the remaining eight hours, the VR-Only Group (n=40) practiced exclusively within the
high-fidelity simulation. The Traditional Control Group (n=40) practiced exclusively in the
physical welding bays. Both groups were supervised by qualified instructors.

Immediately following the 10-hour intervention, all 80 participants completed the
summative post-test (T2). This post-test was identical to the pre-test: they were required to
perform the same 15cm bead-on-plate weld on the real physical equipment. This T2 test
directly measured the transfer of skill from the virtual environment to the real world. Time-to-
complete was logged, and the resulting welds were again collected and scored by the same
blinded raters using the PAR (Yudintseva, 2024).

Four weeks after the post-test, all 80 participants returned to complete the delayed
retention test (T3), which was again identical to the T1 and T2 tests. Data analysis was
conducted using ANCOVA. The post-test (T2) and retention-test (T3) PAR scores were
analyzed as the dependent variables, with the “Group” (VR vs. Traditional) as the independent
variable, and the “Pre-Test Score” (T1) serving as the covariate to control for any baseline
differences in aptitude.

Instruments, and Data Collection Techniques

Four primary instruments were used for this study. The primary intervention instrument
for the treatment group was a high-fidelity, industrial-grade VR welding simulation (e.g., a
Lincoln Electric VRTEX 360). This system included a VR headset, a haptic-enabled welding
torch analogue that simulated the weight and feel of the tool, and a corresponding module for
GMAW on mild steel. The control group’s instrument was a standard, fully-equipped physical
welding bay, including a functional GMAW welder, mild steel coupons, and all necessary
consumable materials (Senthil & Prabha, 2025).

The primary dependent variable was measured using a 25-point Performance Assessment
Rubric (PAR). This PAR was developed by the research team in consultation with three American
Welding Society (AWS) Certified Welding Inspectors (CWI). The rubric was designed to
objectively grade the quality of a physical weld (the post-test task) based on five criteria: (1)
bead geometry/uniformity, (2) travel speed consistency, (3) presence of defects (e.g., porosity,
spatter), (4) procedural accuracy/safety, and (5) weld-face reinforcement.

To measure the tertiary objective of efficiency (time-to-competency), two instruments
were used. A digital stopwatch was used by the assessors to record the “Time to Complete
Task” for the T2 and T3 summative tests. Second, a “Consumable Materials Log” was kept for
each participant in the traditional control group to track the cost of all consumed materials (e.g.,
steel coupons, wire, shielding gas) during the 10-hour training intervention.

RESULTS AND DISCUSSION

The study successfully recruited and retained 80 (N=80) first-semester vocational
trainees, with 40 participants randomly assigned to the VR-Only Treatment Group and 40 to
the Traditional Hands-on Control Group. The study achieved a 100% retention rate across all
three assessment time points (T1, T2, T3). Inter-rater reliability for the 25-point Performance
Assessment Rubric (PAR) was exceptionally high, calculated using an intraclass correlation
coefficient (ICC) based on the scores from the two blinded raters (ICC = .94, p < .001).

An independent samples t-test was conducted on the baseline pre-test (T1) PAR scores to
assess group equivalency prior to the intervention. The results, presented in Table 1, show no
statistically significant difference in initial welding skill between the two groups. Both groups
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demonstrated a very low, and statistically indistinguishable, baseline aptitude for the physical
welding task.
Table 1: Baseline (T1) Welding Performance (PAR Scores) by Group

Pre-Test Mean (out of . t-
Group N 25) Std. Deviation (SD) statistic p-value
Treatment
(VR) 40 5.45 1.12 0.88 0.381
Control 40 5.20 1.05

(Traditional)
Note: p > .05 indicates no significant baseline difference, confirming successful
randomization.

The data in Table 1 are essential as they validate the experimental design. The non-
significant p-value (p = .381) confirms that the random assignment was successful in creating
two groups of novice trainees with statistically equivalent, and minimal, prior ability. This
baseline comparability is critical as it allows for the attribution of any subsequent differences in
performance directly to the training modality (VR vs. Traditional).

The high inter-rater reliability (ICC = .94) further strengthens the study’s findings. This
result indicates that the 25-point PAR was an objective and robust instrument for measuring
weld quality. The high level of agreement between the two blinded, CWI-certified raters
ensures that the dependent variable (PAR score) is a valid and reliable measure of psychomotor
skill, free from significant assessor bias.

Descriptive statistics for the primary (efficacy) and tertiary (efficiency) objectives are
presented in Table 2. At the immediate post-test (T2), the VR-Only group (M = 20.80)
achieved a higher average weld quality score on the real-world task than the Traditional group
(M = 15.15). This represents a raw T1-T2 gain of 15.35 points for the VR group, compared to
9.95 points for the Traditional group.

The efficiency metrics (Objective 3) also showed marked differences. The VR group
achieved the pre-defined competency benchmark (a PAR score of 18/25) significantly faster
(M = 6.4 hours) than the Traditional group (M = 8.8 hours). The “Consumable Materials Log”
confirmed that the VR group consumed 0.00 in physical materials (steel, wire, gas) during their
8-hour training block, while the Traditional group consumed an average of 218.40 per trainee.

Table 2: Key Efficacy, Efficiency, and Cost Outcomes by Group

. VR-Only " -
Outcome Variable Group (n=40) Traditional Group (n=40)

T2 Post-Test PAR Score

(Mean, SD) 20.80 (1.95) 15.15 (2.40)
T3 Retention PAR Score

(Mean, SD) 18.75 (2.10) 12.05 (2.90)
Time-to-Competency (Hours) 6.4 8.8
Material Cost (per Trainee) 0.00 218.40

Note: PAR Scores out of 25. Competency = reaching 18/25 on the PAR.

An Analysis of Covariance (ANCOVA) was performed to determine the statistical
significance of the T2 post-test (Skill Transfer) difference. The post-test PAR score was the
dependent variable, “Group” (VR vs. Traditional) was the fixed factor, and the pre-test (T1)
PAR score was the covariate. The results, summarized in Table 3, show that after controlling
for baseline aptitude, the effect of the training modality on real-world skill performance was
statistically significant and very large.

The ANCOVA model was highly significant, F(2, 77) = 210.5, p < .001, and explained a
substantial portion of the variance (R"2 = .845). The pre-test covariate was a significant
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predictor, as expected (p < .001). The main effect for the “Group” variable, F(1, 77) = 188.7, p
<.001, confirms the VR group’s superior performance was not due to chance. The partial eta-
squared (\eta_p”2 =.710) indicates a large effect size, with the training modality accounting for
71.0% of the variance in post-test scores.

Table 3: ANCOVA Results for Immediate Post-Test (T2) PAR Scores (Skill Transfer)

Mean F- Partial

Source SumofSquares  df g e gratistic PVYAYe \era pro
Pre-Test 88.4 1 88.4 451  <.001 369
(Covariate)
Group
(VR/Traditional 370.1 1 370.1 188.7  <.001 710
)
Error 151.0 77 1.96
Total 609.5 79

The data relationship between immediate (T2) and delayed (T3) performance was
analyzed to address the skill retention objective. As shown in Table 2, both groups experienced
some skill decay over the four-week non-practice period. The VR group’s mean score dropped
2.05 points (from 20.80 to 18.75). The Traditional group’s mean score dropped 3.10 points
(from 15.15 to 12.05), indicating a greater degree of skill loss.

A second ANCOVA was performed on the T3 retention test scores, again using the T1
pre-test score as the covariate. The results confirmed that the VR group’s advantage was
durable. The main effect for “Group” on skill retention remained statistically significant and
large, F(1, 77) = 112.3, p <.001, \eta_p”2 = .593. This demonstrates that the skills acquired in
the VR simulation were not only transferred effectively but were also retained more robustly
over time.

The data allow for the construction of two distinct, objective profiles based on the mean
characteristics of the final T2 physical weld “product.” The profile of the “Mean VR-Trained
Weld” (T2 Score = 20.80/25) was a high-quality product. It was characterized by excellent
(4/5) bead geometry/uniformity and travel speed consistency. It exhibited only minor,
occasional defects (e.g., spatter) and demonstrated high procedural accuracy (4.5/5).

The profile of the “Mean Traditional-Trained Weld” (T2 Score = 15.15/25) was a
passable but lower-quality product. It was characterized by fair (3/5) bead geometry and
significant inconsistency in travel speed. The weld exhibited notable defects (3/5), most
commonly porosity and excessive spatter, indicating poor technique. Procedural accuracy was
also lower, with raters noting minor but repeated errors in standoff distance and angle.

This profile analysis provides a tangible, physical explanation for the statistical findings
in Table 3. The “Mean VR-Trained Weld” was superior because the simulation provided
instantaneous, quantitative feedback on parameters (e.g., travel speed, angle, distance) that are
difficult for a human instructor to monitor in real-time. This allowed the VR trainees to
perform more “perfect” practice repetitions, which built a stronger foundation of muscle
memory and procedural accuracy.
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Figure 1. Product Quality Profile

The “Mean Traditional-Trained Weld” profile reflects the limitations of the traditional
method. Trainees likely spent their 8 hours developing and reinforcing “bad habits” (e.g.,
incorrect travel speed) that were only corrected by the instructor after the fact (Mohamed & Al
Nahyan, 2025). The VR system corrected these errors during the act, preventing the
reinforcement of poor technique. This difference in feedback immediacy and granularity
directly explains the higher quality of the final physical product from the VR group.

The collective results of this study provide a strong empirical answer to the research
questions, moving “beyond immersion” to confirm efficacy. The first objective (Efficacy) was
met: the VR-only group’s training was not just equivalent, but statistically superior to the
traditional gold standard. The second objective (Skill Transfer) was also met: the T2 ANCOVA
(Table 3) shows conclusively that skills learned in the high-fidelity simulation transferred
effectively to real-world, physical equipment (Evangelista et al., 2025).

The tertiary objectives (Retention and Efficiency) were also clearly demonstrated. The
VR group retained their skills more effectively over a 4-week period (Table 2, T3 scores) and
achieved competency significantly faster (6.4 vs 8.8 hours) and at a zero-dollar marginal
material cost. The findings overwhelmingly support the hypothesis that for complex, high-
stakes psychomotor tasks like welding, high-fidelity VR is a more effective, efficient, and cost-
effective training modality than traditional hands-on practice alone.

This study was designed to move “beyond immersion” and empirically test the efficacy,
transfer, and retention of high-fidelity VR simulation for complex psychomotor skill
development. The findings, derived from a rigorous pre-test/post-test/retention-test
experimental design (N=80), are unambiguous. The data demonstrate that VR-only training
was not merely equivalent, but statistically superior to the traditional, hands-on “gold standard”
of vocational instruction for novice welding trainees.

The primary objective (Efficacy) and secondary objective (Skill Transfer) were both met,
as demonstrated in the T2 post-test analysis. The T2 test, which required all participants to
perform on real physical equipment, showed the VR-Only group (M = 20.80) achieved
significantly higher weld quality scores than the Traditional Control group (M = 15.15). The
ANCOVA (Table 3) confirmed this finding was not due to chance (p < .001) and the effect size
was massive (Partial \eta_p”2 = .710).

The tertiary objectives (Retention and Efficiency) also strongly favored the VR
intervention. The T3 retention test ANCOVA proved the VR group’s skill superiority was
durable over a four-week non-practice period (p < .001, \eta_p”2 = .593). Furthermore, the VR
group achieved the competency benchmark significantly faster (6.4 vs 8.8 hours) and at a zero-
dollar marginal material cost (0.00 vs. 218.40 per trainee), confirming the simulation’s superior
efficiency.
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The comparative weld profiles (Section 6) provided a clear mechanistic explanation for
these quantitative findings. The “Mean VR-Trained Weld” was objectively superior (better
geometry, fewer defects) because the simulation provided instantaneous, granular, quantitative
feedback on parameters like speed and angle. This “perfect practice” loop prevented the
reinforcement of bad habits, a key limitation observed in the “Mean Traditional-Trained Weld”
profile (Elhambakhsh et al., 2024).

These findings strongly affirm the optimistic conclusions of meta-analytic reviews on
immersive learning, which have generally found positive effects. This study, however, makes a
critical contribution by moving beyond the “affective” and “cognitive” outcomes (e.g., engagement,
knowledge recall) that dominate the literature (Gap 1). By focusing squarely on psychomotor
efficacy measured by blinded, expert raters, this study provides the high-stakes, empirical data
that vocational stakeholders require (Escher et al., 2025).

This study directly addresses the central “transfer-of-training” problem, which has been
the most significant and valid criticism of VR simulation. Our experimental design, by testing
all participants only on real-world equipment, provides a conclusive, affirmative answer. The
massive effect size (\eta_p”2 = .710) demonstrates that for high-fidelity systems, the transfer of
skill from the virtual tool to the real-world analogue is not only possible but highly effective—
more so, in this case, than traditional practice alone.

The research also adds a critical nuance to the “fidelity gap” (Gap 2) identified in the
literature. Our intervention intentionally used a high-fidelity, industrial-grade simulator with
haptic feedback and a weighted torch analogue (T. Jiang et al., 2024). The success of this
intervention strongly suggests that for complex psychomotor tasks like welding, this high degree of
physical realism and haptic feedback is a critical component for achieving successful skill transfer. It
implies that low-fidelity, “consumer-grade” VR with generic controllers may be insufficient for
this type of industrial training.

This study’s findings are, however, in partial contrast to research that promotes a
“blended” model (VR + Traditional) as the de facto optimum. Our “VR-Only” group (n=40)
outperformed the “Traditional-Only” group (n=40) on every metric (efficacy, transfer,
retention, and efficiency). This result challenges the assumption that traditional practice is an
indispensable component for novice trainees. It suggests that, at least for foundational skill
acquisition, a “VR-first” model may be the new, superior gold standard.

The superiority of the VR group over the traditional “gold standard” group signifies a
potential paradigm shift in technical education. It signifies that the traditional apprenticeship
model, while foundational, is pedagogically flawed. The “Mean Traditional-Trained Weld”
profile (Section 6) signifies that traditional practice is inefficient, as it allows trainees to spend
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hours reinforcing poor technique (e.g., incorrect speed, angle) that is only corrected after the
fact (Chen & Li, 2025).

The findings signify that the primary pedagogical power of VR is not “immersion,” but
“information.” The superiority of the VR group is a direct result of the simulation’s ability to
provide instantaneous, granular, quantitative feedback (Franco et al.,, 2025). A human
instructor cannot simultaneously watch the angle, travel speed, and standoff distance of eight
different trainees. The Al can. This signifies a shift from a pedagogy of “post-hoc human
correction” to one of “real-time data-driven feedback.”

The efficiency and cost data (Table 2) signify a viable solution to the “bottleneck”
problem in VET. The 0 material cost and 2.4-hour faster “time-to-competency” are not trivial.
This signifies that VR can dramatically reduce the cost and increase the throughput of skilled-
labor training. In an era of skilled-labor shortages, this represents a scalable, democratic
pathway to train more technicians, faster, and safer than ever before.

The superior T3 retention scores (\eta_p”2 = .593) signify that the learning which
occurred in the VR simulation was deeper and more durable. The “perfect practice” loop,
enabled by the simulation’s instant feedback, likely built a more robust and correct procedural
and muscle memory. This directly refutes the cynical view of VR as a “superficial video
game,” signifying that high-fidelity simulation, when designed correctly, is a tool for high-
impact, long-term mastery.

The most immediate and urgent implication is for VET institution administrators and
policymakers. This study provides a clear, data-driven, and positive “return on investment”
(ROI) analysis. The high cost of high-fidelity VR hardware is justified by the massive, long-
term savings in consumable materials (218.40 per trainee) and the gains in training efficiency
(Jackson et al., 2024). This research provides VET deans with the empirical evidence needed to
justify a strategic pivot from “consumable-based” budgets to “capital-expenditure-based”
technology budgets.

The findings have profound implications for VET curriculum design. The results strongly
imply that a “VR-first” model is the most effective and efficient pedagogy for novice trainees. The
curriculum should be redesigned to have trainees achieve a verified level of competency (e.g., a 18/25
PAR score) within the simulation before they are ever allowed to strike a live arc on physical
equipment. This “simulation-to-live” pipeline would maximize safety, eliminate material waste
during the “novice” phase, and ensure trainees only practice correct techniques on the real-
world equipment.

This study has significant implications for Industry 4.0 and the skilled-labor workforce.
The ability to accelerate “time-to-competency” by over 27% (8.8 vs 6.4 hours) has massive
economic consequences. It implies that this technology can be used for rapid re-skilling and
up-skilling of the existing workforce to meet new industrial demands. For private industry, it
implies that in-house VR training modules may be a faster, cheaper, and more effective method
for onboarding new technical employees.

The results also imply a necessary “role transformation” for the VET instructor. This
technology does not replace the instructor; it augments them. The instructor’s role is elevated
from a “safety supervisor” and “basic-error corrector” to that of a “data-driven coach.” The
instructor’s new task is to analyze the objective performance data from the simulation and use
that data to provide high-level, targeted, one-on-one coaching to trainees on the specific errors
the Al has already identified (Jimenez-Barragan et al., 2025).

The quantitative superiority of the VR group is a direct, logical consequence of the
“perfect practice” feedback loop. The “Mean Traditional-Trained Weld” was flawed because
traditional training has a long, slow feedback loop; a trainee practices an error for 10 minutes,
the instructor notices, and the trainee must un-learn the bad habit. The “Mean VR-Trained
Weld” was superior because the feedback loop was instantaneous; the trainee’s angle was
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wrong, the system provided an immediate haptic and visual cue, and the error was corrected
before it became a habit (Tafazoli, 2024).

The successful transfer of skill (the T2 ANCOVA) is a direct result of the high-fidelity
nature of the instruments. The research design intentionally used an industrial-grade simulator with a
weighted, haptic-enabled torch analogue. The VR trainees were, therefore, training their “muscle
memory” with an instrument that felt, weighed, and responded realistically. This investment in
high-fidelity haptics is why the skills successfully bridged the “virtual-to-real” divide. Low-
fidelity, generic controllers would not have trained this specific motor skill (Khaleghi et al.,
2024).

The superior retention (T3) of the VR group is explained by the cognitive principle of
“overlearning” and the quality of practice. Because the VR group reached the competency
benchmark faster (at 6.4 hours), they spent the remaining 1.6 hours of their 8-hour block
reinforcing and overlearning the correct technique. The traditional group, struggling to reach
competency by 8.8 hours, had less total practice time, and much of that practice time was spent
“making mistakes.” The VR group simply had more total repetitions of perfect practice, which
consolidated a more durable, long-term procedural memory (Poupard et al., 2025).

The cost and efficiency results are a self-evident consequence of the medium. The VR
group was safer, faster, and cheaper because the simulation removed the two greatest barriers
to traditional novice training: risk and cost. A trainee could “fail” 100 times in the simulation
with zero danger and zero material cost, allowing for a rapid, iterative learning cycle. This
“psychological safety” (freedom from fear of injury or wasting materials) likely lowered the
cognitive load, allowing trainees to focus 100% on the skill itself.

This study’s primary limitation is its high internal validity but moderate external validity.
The research was conducted with N=80 novice trainees, at a single VET institution, on a single
psychomotor skill (GMAW welding). While the experimental control was high, these findings
cannot be uncritically generalized to all technical skills, all VET populations (e.g., mid-career
re-skillers), or all training institutions, which may have different resources (Shankar et al.,
2025).

A second critical limitation is that the study design intentionally used a high-cost, high-
fidelity industrial simulator. This leaves the “fidelity gap” (Gap 2) partially unanswered from
the other direction. We have proven that high-fidelity works, but we do not know if low-
fidelity (e.g., a simple Meta Quest 3 with a standard controller) would be “good enough” for a
less-complex skill. This is a critical cost-benefit question for low-resource VET institutions that
cannot afford the “gold standard” simulator used in this study.

The most logical and urgent direction for future research is replication and expansion.
This rigorous T1-T2-T3 experimental design must be replicated across other complex
psychomotor domains. Studies are needed in automotive diagnostics, electrical wiring,
surgical/nursing procedures, and HVAC repair to determine if these massive gains in efficacy,
transfer, and retention are consistent across different technical tasks.

A final, crucial direction for future inquiry is the “blended model” hypothesis. This study
tested two extremes (VR-Only vs. Traditional-Only) to establish a baseline. Future research
must now test a “hybrid” or “blended” cohort (e.g., 4 hours VR + 4 hours Traditional) against
the two “pure” groups. This research would answer the final, practical implementation question
for curriculum designers: what is the optimal blend of simulation and reality to produce a
master-level technician.

CONCLUSION

This study’s most significant and distinct finding is the quantitative, empirical evidence
that high-fidelity VR-Only training is superior to the traditional, hands-on “gold standard” for
novice psychomotor skill acquisition. The VR-trained group demonstrated massively superior
skill transfer on the real-world post-test (T2), a finding confirmed by a large and significant
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effect size (Partial \eta_p~2 = .710, p < .001). This superiority was durable, as the VR group
also demonstrated significantly higher long-term skill retention at the T3 follow-up (\eta_p”"2 =
.593), and achieved this competence faster (6.4 vs 8.8 hours) and at zero marginal material
cost.

The primary contribution of this research is conceptual, achieved by its methodological
re-orientation of the research question “beyond immersion” to focus squarely on efficacy. This
study moves beyond the field’s preoccupation with affective (engagement) or cognitive
(knowledge) outcomes to provide a rare, high-stakes validation of psychomotor skill transfer.
This contribution was operationalized by its rigorous T1-T2-T3 experimental design, which
used an objective, expert-validated rubric (PAR) to measure performance on real, physical
equipment, thereby providing a robust, data-driven answer to the “virtual-to-real” transfer-of-
training problem.

This study’s robust experimental design provides high internal validity, but its findings
are limited by a moderate external validity; the sample (N=80) was drawn from a single
institution and focused on a single, complex skill (GMAW welding), meaning the results
cannot be uncritically generalized to all technical skills or VET populations. Furthermore, the
intentional use of a high-cost, high-fidelity simulator leaves the cost-benefit analysis of lower-fidelity
VR unanswered. Future research must, therefore, replicate this T1-T2-T3 design across other
psychomotor domains (e.g., automotive, medical, electrical). The most urgent subsequent
direction is to test a “hybrid” or “blended-learning” cohort against the “VR-Only” and
“Traditional-Only” cohorts to determine the optimal pedagogical and cost-effective blend for
VET curriculum design.
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