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Abstract

Traditional approaches to welder training demand substantial investments in equipment,
consumable materials, and workshop facilities, while also exposing novice learners to
considerable safety risks. This study investigates the effectiveness of a virtual reality
(VR)-based welding training system developed with Unity for the Meta Quest 2 platform,
designed to deliver safe and immersive instruction in fundamental welding techniques.
A total of twenty participants with no prior welding experience completed structured VR
training sessions over two weeks. The program focused on developing competencies in
welding machine operation (including start-up procedures and parameter adjustments),
controlling shielding gas flow, and accurately regulating torch-to-workpiece distance, torch
angle, and travel speed. Real-time feedback was integrated into the system to support
accurate control and positioning of the welding torch. Quantitative assessments demon-
strated significant improvements in both technical proficiency and trainee confidence and
anxiety levels. Knowledge test scores increased from 45.3 to 85.1, while machine adjust-
ment accuracy rose from 28.7 to 92.3. In parallel, participant confidence levels increased
substantially, and anxiety scores decreased from 4.0—-4.5 to 1.1-1.5 on standardized scales.
These findings provide experimental evidence that VR-based training can enhance funda-
mental welding education by offering a safe, repeatable, and effective practice environment
that simultaneously improves technical performance, strengthens learner confidence, and
reduces training-related anxiety.

Keywords: virtual reality (VR); welding training; MIG/MAG welding; real-time feedback;
Unity; Meta Quest

1. Introduction

Welding is a critical skill underpinning industries ranging from manufacturing to
energy, yet the welding training required to produce competent operators is intensive,
hazardous, and logistically challenging [1]. Welding education requires not only theoretical
knowledge but also a high degree of attention, fine motor skills and precise hand-eye
coordination. Traditionally delivered through in-person, workshop-based training, welding
instruction often faces significant limitations, including high costs of consumables and
equipment, safety hazards, and limited student-instructor interaction [1].
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In response to these challenges, virtual reality (VR) training simulators have emerged
as an innovative alternative in vocational and technical education [2]. VR systems allow
users to handle virtual welding torches within immersive environments, where important
welding parameters, such as the angle of the torch, the travel speed and the distance to
the workpiece, can be instantly modified during simulation [3]. Recent developments
further extend these capabilities to include adjustments of wire feed speed and shielding
gas flow, mirroring the operation of authentic equipment. At the same time, multimodal
feedback (visual, auditory, and haptic) supports immediate error correction [4]. Notably,
VR learning environments embody the principles of constructivist and experiential learning
theories, allowing trainees to build knowledge through hands-on interaction rather than
passive observation, and aligning with adult learning principles such as self-direction,
problem-centeredness, and relevance to real-world contexts [5].

Beyond welding, VR training has demonstrated robust pedagogical value across
diverse domains. In healthcare, meta-analyses confirm significant improvements in knowl-
edge and psychomotor skills, as well as reduced procedural time, when using immersive
VR simulations [6]. In construction, VR-based safety training enhances hazard recogni-
tion and reduces on-site accidents [7], while in aviation, immersive scenarios prepare
trainees for emergency maneuvers and monitor stress regulation [8]. Extended reality
(XR) applications have also shown strong positive effects in language learning, with a
meta-analysis reporting an effect size of 0.825 [9]. These findings highlight the dual impact
of VR: it enhances technical skill acquisition while also influencing motivational, emotional,
and interpersonal outcomes.

The evidence from welding-focused research has also been encouraging. A portable
VR welding training system developed using commercial headsets and 3D-printed torches
for MIG/MAG processes achieved high levels of user satisfaction and perceived usabil-
ity [10]. Similarly, VR-enhanced programs have been shown to improve torch control,
increase soldering speed, and reduce learners’ anxiety [11,12]. These outcomes align with
broader findings in adult education, where VR fosters motivation, engagement, and self-
efficacy—critical affective components often overlooked in traditional welding instruc-
tion [13]. Meta-analyses further confirm that VR yields comparable or superior outcomes
to traditional training, particularly in repetitive, skill-based tasks [14,15].

Nevertheless, results remain mixed. While VR consistently improves procedural
accuracy and learner confidence, cognitive benefits such as critical thinking and long-
term knowledge retention show less consistent improvement [16]. Moreover, affective
dimensions—including anxiety regulation, empathy, and cross-cultural learning—remain
underexplored in welding-specific studies [17]. This underscores the need for research that
integrates both technical and psychological perspectives.

The present work addresses this gap by implementing a VR training program devel-
oped in Unity and deployed on Meta Quest 2 VR headset (Meta Platforms, Menlo Park, CA,
USA). The program targeted individuals with no prior welding experience. It evaluated
pre- and post-training changes in welding knowledge, the ability to operate and adjust the
welding machine and regulate gas flow, the ability to control the angle of the torch and the
extension of the electrode, the self-confidence in welding skills and anxiety related to the
welding environment.

By combining subjective (confidence, anxiety, motivation) and objective (technical
accuracy, machine handling) measures, this study contributes not only to the evidence base
of VR in welding education but also to the broader discourse on how VR supports lifelong
learning, skill democratization, and adult education. Unlike prior studies that primarily
focused on procedural outcomes, this work explicitly integrates both technical and affective
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dimensions, thereby offering a more holistic evaluation of VR-based welding education
and clarifying its pedagogical novelty.

2. Literature Review

VR technologies have a practical application in the field of vocational education by
connecting theory to practice. VR increases the effectiveness and safety of training processes
in various industries. In design education, particularly within architecture and interior
architecture, VR applications are shown to enrich the learning experience by contributing
to the development of spatial perception and design processes, often compared with 3D
printing for complex architectural geometries [18].

In the field of healthcare, VR facilitates the instruction of complex procedures such as
dialysis treatment and surgical operations in a risk-free environment. Immersive medical
scenarios have both safety benefits and enhance team communication [19,20]. The training
of endotracheal intubation and the care of dialysis using virtual reality has been demon-
strated to abbreviate the learning curve and reduce the frequency of error [21,22].

In industrial and manufacturing settings, VR simplifies the teaching of technical
operations such as assembly, maintenance, and CNC machining. Learners can engage with
high-risk, high-cost tasks without real-world consequences. Research shows that VR-based
training improves knowledge retention and enhances productivity [23-25]. For example,
simulations that focus on CNC grinding machines help users comprehend the technical
procedures involved in detail, which increases the user’s retention of the information [26].
To further enhance efficiency in industrial and manufacturing settings, digital solutions
such as the Model Based Definition (MBD) enhanced Asset Administration Shell (AAS) are
being developed for the design of generic production lines, addressing challenges of rapid
reconfiguration and interoperability [27].

The construction industry—known for its hazardous work environments—has also
integrated VR into its training systems. Trainees can explore virtual construction sites
and engage in safety protocols in simulated high-risk conditions. Compared to traditional
video-based instruction, VR promotes the recognition of hazards and the awareness of
emotional consequences of workplace risks [7,28].

In the aerospace and aviation industries, VR allows pilots and other technical per-
sonnel to repeatedly learn about pre-flight procedures, engine failures, and emergency
maneuvers. These immersive environments can be altered through neurotechnology to
assess the attention and stress levels of individuals, which will allow for more individual-
ized experiences in training [8,29]. Also, VR has been utilized to enhance the accuracy and
efficiency of the aircraft component assembling process [30].

Welding education is confronted with obstacles like high costs of equipment, safety
concerns, and a limited number of practical applications, which are addressed by simulators
that use head-mounted displays and control devices to provide realistic environments.
These systems offer immediate feedback, which allows learners to assess their progress
immediately via virtual or physical means, respectively [4,14]. Advanced simulations track
technical parameters like seam geometry and porosity, making the learning process more
tangible [11]. Applications of virtual reality in vocational education across sectors are
summarized in Table 1.

Significantly, these systems not only improve technical competencies—they also boost
learners’ self-confidence and reduce performance anxiety [12]. Demonstrated that VR-
based instruction produced performance outcomes statistically comparable to traditional
methods, confirming its pedagogical reliability [15]. Furthermore, the repeatability, reduced
equipment dependency, and integration with remote learning make VR an excellent fit for
Industry 4.0 and 5.0 training needs [11].
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Table 1. Applications of virtual reality in vocational education across sectors.
Sector Application Citation
Dialvsi - heal i :
Healthcare ialysis tralmng, en@otrac ea intubation, [19-22]
surgical simulation
. hi tion, int
Manufacturing CNC machine operation, maintenance [23-26]

procedures, technical skill acquisition
Site safety training, hazard recognition,
Construction virtual walkthroughs of [7,28]
construction environments
Pre-flight checks, emergency response
Aviation/Aerospace training, component assembly, [8,29,30]
attention-stress monitoring
Virtual welding practice, seam geometry

Welding tracking, real-time feedback on technique [4,11,14]
and safety
Confidence building, repeatable simulation
General Vocational Training environments, integration into [11,12,15]

remote education

While prior studies have primarily emphasized procedural accuracy and technical
performance in VR-based welding training, relatively little attention has been given to
integrating real-time multimodal feedback with the systematic evaluation of affective out-
comes, such as trainee confidence and anxiety reduction. This gap limits our understanding
of how VR training environments influence both technical skill acquisition and psycho-
logical factors that are critical for effective learning. The present study addresses this gap
by explicitly combining objective technical assessments with validated confidence and
anxiety scales, thereby offering a more holistic evaluation of VR-based welding education
and demonstrating how immersive VR can simultaneously enhance procedural accuracy,
strengthen learner confidence, and reduce training-related anxiety.

3. Materials and Methods
3.1. Hardware Infrastructure

The quality of a VR experience is directly dependent on the accuracy and realism
of visual, auditory, and tactile stimuli in the user’s environment. The key hardware
components in this study include the Meta Quest 2 headset with integrated sensors and
a high-quality audio system, as well as standard handheld controllers, as illustrated in

Figure 1.

Figure 1. Meta Quest 2 headset and controllers were used in the study.
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Standalone Head-Mounted Displays (HMDs) such as the Meta Quest 2 eliminate the
need for an external computer, offering revolutionary flexibility in educational settings
through their wireless design and rapid setup. These devices can be easily integrated into
classrooms or workshops and serve many users at a low cost [11]. They provide stereoscopic
3D viewing, improving depth perception through high-resolution displays [31,32]. The in-
tegrated sensors of the device detect the head, hand and body movements of the user in
a 3D space, tracking their position and orientation in real time, and updating the virtual
scene accordingly [32,33]. High-quality audio systems significantly enhance the sense of
immersion by providing realistic and spatial sound; these systems convey sounds and
feedback alerts to the user [32]. The ongoing evolution of hardware continues to be a
driving force in the development of VR technology [34].

3.2. Software Infrastructure

The efficacy of VR simulations is primarily based on the software infrastructure
that is essential for creating, rendering, and managing interactions between users and
environments within simulators. In this work, the Unity game engine (version 2022.3.62f2)
was chosen because of its large developer community, large asset store, and integrated
nature with the VR Software Development Kit (SDK), as demonstrated in Figure 2. Unity
is a game engine and an integrated development environment (IDE) designed for the
development of interactive media, primarily video games [35]. These attributes make it a
popular choice for educational purposes and rapid prototyping.

In the context of welding training, Unity allowed the analysis of key parameters such as
electrode angle, distance and speed, while providing real-time visual, auditory, and haptic
feedback to the user [3]. Additionally, the data obtained through cloud-based remote
systems allows instructors to observe student performance and create individualized
training programs that are [10]. Such feedback can be delivered within seconds, faster and
more consistently than manual instructor observations.

Although direct latency measurements were not conducted in this study, prior research
provides reference values for contemporary head-mounted displays, including Quest-class
devices. Motion-to-photon latencies ranging from 21 to 42 ms have been reported for widely
used PC-based HMDs, with effective delays further reduced during sustained motion
through the use of prediction algorithms [36]. A methodological evaluation of the Meta
Quest 2 hand-tracking system identified a mean temporal delay of approximately 38 ms,
confirming that Quest-class devices operate within the low tens of milliseconds range [37].
To provide empirical validation of our specific implementation, subsequent technical
analysis using the Meta Quest Developer Hub performance profiling tool confirmed that
the maximum delay observed in our integrated hardware—software configuration was
14.07 ms.

Collectively, these findings suggest that the latency performance of the hard-
ware—software configuration employed in this study lies within the thresholds generally
regarded as acceptable for real-time training applications.

This measured maximum delay of 14.07 ms, along with the prior cited latency values
(21-42 ms for PC-based HMDs and ~/38 ms for Quest-class devices), is well below the
20 ms threshold commonly regarded as acceptable for real-time training applications
in immersive education. This low motion-to-photon latency (14.07 ms), combined with
the device’s precise spatial tracking capability, constitutes a core design implementation
aimed at mitigating VR-induced simulator sickness (motion sickness) during the extended
two-week training sessions. Maintaining latency below the 20 ms threshold is crucial,
as visual-vestibular mismatch caused by poor tracking or high delay is a known trigger
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for discomfort in VR environments. Therefore, the Meta Quest 2 platform provides a
technically suitable basis for delivering VR-based welding training without perceptible
delays that might disrupt learning, ensuring the high tracking accuracy necessary for
real-time feedback on complex welding parameters (e.g., precise torch angle and travel
speed control). Importantly, during the live observation of the VR session—transmitted
to an external monitor or projector—no noticeable latency was detected. This real-time
transmission capability is essential for instructors to conduct immediate, simultaneous
monitoring of the user’s performance, further confirming the robust real-time operational
status of the developed system.

EEEEEEEEEEC NN
@ R

Figure 2. Structure of the VR welding environment developed in Unity.

3.3. Gas Metal Arc Welding (GMAW-MIG/MAG) Simulation Design

Gas Metal Arc Welding (GMAW), also known as Metal Inert Gas (MIG) or Metal
Active Gas (MAG) welding, is a semi-automatic or automatic welding process that uses a
continuously fed consumable wire electrode [38]. This method is widely applied in automo-
tive manufacturing, general fabrication, and mass production environments [39]. GMAW’s
multiple benefits include high rates of deposit, Constant operation ability, flexibility in vari-
ous positions of welding, and compatibility with various materials [39]. However, it also
has limitations, such as relatively high equipment costs, susceptibility to wind interference
in outdoor applications (which can disperse the shielding gas), and the risk of distortion
when welding thin materials [40].

The GMAW system consists of several key components: a power source, wire feeder
unit, welding torch, shielding gas cylinder, and regulator [40]. The interface design of the
virtual welding simulator was modeled after the Magmaweld RS300 MK machine to ensure
realism and practical relevance.

Before any welding can take place in the developed VR simulation, there is a short
checklist to get through—each step done in a set order. It is a way to keep the learning
process consistent and to make sure safe working habits stick. The order of these actions
is as follows: (1) attach the ground clamp to the upper right corner of the welding table;
(2) specify the thickness of the workpiece and adjust the machine parameters accordingly;
(3) adjust the shielding gas flow; (4) start the welder by pressing the designated ‘A’ button;
(5) put on protective gloves; (6) put on a welding helmet; and finally (7) start the welding
process. As shown in Figure 3a, the application arranges the required steps sequentially
on the display. Completion of any given step changes its title to green (Figure 3b) and
automatically initiates the next stage. Through this visual progression system, participants
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can follow their development and complete the training in a clearly defined sequence.
The implementation of these sequential steps serves to reinforce occupational safety habits
and maintain the pedagogical coherence of the training program.

1- Fix the ground clamp to the right
corner of the table.

) 20 0.0 0 0.0 L 0 00 00

Figure 3. (a) Actual screen capture displaying the sequential procedural steps on the application
screen. (b) Actual screen capture showing a completed step highlighted in green.

When the application starts, the user is first asked to secure the grounding clamp to the
right corner of the welding workbench. As shown in Figure 3a, the user is guided to attach
the grounding clamp correctly. The ground clamp must be properly connected as a key step
in the welding procedure. This connection allows the current to pass through the workpiece
correctly and supports compliance with standard safety protocols in conventional welding.

In the second step, the user is asked to specify the thickness of the workpiece to be
machined and to set the machine parameters. When the user moves their hand close to the
machine adjustment knob, the system detects this interaction and opens a digital control
panel screen. The user is first required to select the thickness of the material to be welded,
as illustrated in Figure 4a. Subsequently, the user is expected to adjust the coarse setting,
the fine setting, and the wire feed speed parameters in sequence, as shown in Figure 4b.
At this stage, the system considers the wire diameter of the welding machine to be 1 mm.
To allow the user to configure the technical settings correctly, a welding parameter setting
table is presented when the “Help” button is pressed, as shown in Table 2. This reference
chart indicates appropriate voltage and current values based on material thickness and
wire diameter, enabling the user to make informed parameter selections [40]. If the user
enters an incorrect setting, the system displays a “Warning! Check voltage setting” message
on the screen and prompts the user to make the necessary correction. When all parameters
are set correctly, the user completes this step by pressing the “Okay” button.

Figure 4. (a) Actual screen capture illustrating the material thickness selection interface.

(b) Actual screen capture showing the digital control panel for wire feed speed, coarse, and fine
parameter adjustments.
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Table 2. Welding parameter settings for 1.0 mm wire diameter using CO; and Ar/CO, (80/20)
shielding gases [41].

CO, Ar/CO; (80/20)
Material Thickness (mm) 2 3 5 10 2 3 5 5 10
Coarse Adjustment Range 1 1 2 3 1 1 2 3 3

Fine Adjustment 3 5 2 2 2 5 6 2 6
Wire Feeding Speed 32 38 63 112 45 63 93 111 192
Current (A) 100 110 150 210 120 150 200 230 300
Voltage (V) 8 19 21 28 17 18 24 28 34

In the third step, the user is asked to adjust the protective gas flow. The user directs
their hand to the adjustment valve on the tube to adjust the protective gas flow rate.
As shown in Figure 5a, a panel opens on the screen and the user is asked to select the wire
diameter used in the welding machine. The user is instructed to set the flow rate in liters
per minute (L/min) [40]. The appropriate shielding gas flow rate (CO,, Ar, or gas mixtures)
corresponding to the selected wire diameter is determined concerning Table 3. It is then
adjusted as shown in Figure 5b. If the gas flow rate is not set within the recommended range,
the system provides immediate feedback to the user. In this case, the following warning
message is displayed on the screen: “Warning! Check the correct gas flow.” Insufficient gas
flow can cause porosity, while excessive flow leads to unnecessary gas consumption [40].

In the fourth step, the user is asked to start the welding machine. The user must place
their hand on the welder’s power button and press the “A” button to start the machine.
In the fifth step, before starting the welding process, the user is asked to put on protective
gloves, as shown in Figure 6a. Then, in the sixth step, the user is instructed to use the
controller to place the welding helmet on their head, as shown in Figure 6b. The system
restricts the start of the welding process until both safety measures are complete, reinforcing
the proper safety procedures through experiential learning. Through these formal steps
of interaction, users are allowed not only to develop their technical abilities but also to
learn about occupational health and safety. When all these preparations are completed,
the system allows the user to start the welding process.

Figure 5. (a) Actual screen capture of the interface for wire diameter selection. (b) Actual screen

capture illustrating the shielding gas flow adjustment interface.
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Table 3. Recommended shielding gas flow rates by wire diameter and material type [41].
Diameter Mild Steel and . . .
(mm) Metal Cored Flux Cored Stainless Steel Aluminium
0.8 8 L/min 7 L/min 8 L/min 8 L/min
09 9 L/min 8 L/min 9 L/min 9 L/min
1.0 10 L/min 9 L/min 10 L/min 10 L/min
1.2 12 L/min 11 L/min 12 L/min 12 L/min
1.6 16 L/min 15 L/min 16 L/min 16 L/min

5- Put on your protective gloves. 6- Wear the welding helmet.

Figure 6. (a) Actual screen capture showing the user performing the mandatory safety step of wearing
protective gloves. (b) Actual screen capture illustrating the user attaching the welding mask to the
head using the controller.

To ensure the reliability and validity of the evaluation instruments, the knowledge as-
sessment was developed in consultation with two faculty members specializing in welding
education. The test consisted of 20 multiple-choice items that addressed the fundamental
principles of GMAW, including safety procedures, parameter configuration, and equip-
ment operation. Each correct response was assigned a value of five points, resulting in a
maximum possible score of 100. In addition, machine adjustment tasks were evaluated
using a standardized rubric derived from established welding parameter guidelines [41].
The rubric measured the accuracy of voltage, current, wire feed speed, and shielding gas
adjustments, with partial credit allocated for parameter settings that fall within acceptable
tolerance ranges.

Several things can affect weld quality. Torch angle, welding speed, and the length of
the electrode extension are among the most important [42]. Out of these, the torch angle
seems to matter the most. It not only changes how deep the weld goes, but also the shape
of the weld pool [40]. Previous research and welding standards indicate that keeping the
angle between 0° (perpendicular) and 15° usually provides good penetration and leads to a
better bead appearance, whereas angles beyond 20° significantly reduce penetration [43—-45].
In the current work, participants were therefore instructed to keep the torch within the
0°-15° range. If the angle went beyond the allowed range, a warning appeared on the
screen stating “Please correct the torch angle!!!” and it disappeared automatically once
the user adjusted the torch back to the proper position. This procedure enables users to
develop the skill of maintaining the torch at the correct angle.

Electrode extension (stick-out) is the distance between the contact tip and the end of the
welding wire. Increasing this distance increases electrical resistance, leading to increased
preheating of the wire. Although an excessive electrode extension increases resistance and
deposition, it reduces arc heat, resulting in shallow penetration and a steep crowned weld
bead. An insufficient electrode extension limits preheating and can impair weld quality [46].
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Variations in the length of the electrode extension, particularly in semi-automatic welding
processes due to manual torch manipulation, lead to current fluctuations that adversely
affect weld quality and process consistency [47].

Participants were guided to keep the electrode extension distance above 5 mm.
Whenever the distance dropped below this value, a warning message—"Pull the torch
back!!!”—appeared, as shown in Figure 7b. The message disappeared automatically once
the electrode extension exceeded 5 mm. This procedure helps users develop the skill of
maintaining the torch at an appropriate distance from the workpiece.Furthermore, when
the electrode-to-workpiece distance exceeded the permissible range, the virtual weld bead
displayed a characteristic crown formation, thereby enabling users and instructors to verify
the accuracy of the welding operation through post-process inspection. This visual corre-
spondence between electrode extension and bead morphology strengthens the ecological
validity of the parameter feedback by mirroring real welding outcomes.

Research has shown that welding speed plays an important role in weld quality
in terms of microstructure and mechanical properties. For example, a comparison of
welding speeds of 8 mm/s and 11 mm/s showed that higher speeds resulted in finer
microstructure and higher microhardness [48]. Welding speed is a critical parameter
affecting weld geometry and quality. Optimum welding speed is essential for quality, as a
higher speed leads to inadequate penetration, while a lower speed creates an undesirable,
non-uniform grain structure. Therefore, the welding speed must be adjusted correctly in
order to obtain a precise, strong, and homogeneous weld [49]. Furthermore, research has
shown that in laser-GMAW hybrid welding of 5 mm, 10 mm, and 14 mm thick steel plates,
welding speed directly affects the geometry of the weld cross section (e.g., weld width
and penetration), and understanding the relationship between speed and heat transfer rate
can help predict mechanical properties [50]. This work develops a system that provides
real-time warnings when the welding torch speed falls below 5 mm/s or exceeds 10 mm/s
during welding. This procedure enables users to improve their ability to maintain the
appropriate welding speed.

The VR-based welding simulation system for GMAW is developed to support the
acquisition of fundamental welding competencies by providing real-time, multimodal
feedback through both visual cues and haptic responses. The platform enables progressive
skill refinement by immediately detecting and correcting deviations such as excessive torch
angles (>15°), insufficient electrode protrusion (<5 mm), and travel speeds outside the
optimal 5-10 mm/s range. Moreover, the system allows for post-weld examination of the
virtual workpieces, as shown in Figure 8, making it possible to analyze bead geometry, weld
pool morphology about travel speed, surface characteristics, and typical defect patterns
(e.g., undercut and porosity). By closely replicating established GMAW quality-control
practices while simultaneously offering instantaneous visual confirmation of welding
technique, the simulator establishes a closed-loop training environment that enhances the
efficiency and effectiveness of skill acquisition beyond conventional instructional methods.
A sample video demonstrating the VR welding training process is included in the reference
list and can be accessed online [51].

To examine the affective responses of the participants, confidence and anxiety were
measured using a Likert scale questionnaire adapted from previously validated instruments
in the research of welding and vocational training. The confidence elements were derived
from established measures of welding-related self-efficacy and perceived competence
employed in previous VR welding education studies [11,15]. In contrast, the anxiety
elements were informed by instruments previously applied to assess performance-related
stress and welding-specific anxiety in immersive training contexts [12]. The adaptation
of elements from these existing, specialized tools was specifically conducted to maximize
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the ecological validity and direct relevance of the scales to the welding domain. The use
of these established instruments ensured the validity of the content and the conceptual
alignment with recognized constructs in the field.

(b)

Figure 7. (a) A real-time screen capture showing a warning message displayed when the torch angle

exceeds 15°. (b) A real-time screen capture showing a warning message displayed when the electrode
extension distance falls below 5 mm.

() (b)

Figure 8. (a) Actual screen capture showing the resulting weld seam appearance when welding speed
is high (>15 mm/s). (b) Actual screen capture showing the optimal weld seam appearance when
welding speed is within the recommended range (5-10 mm/s).

4. Results

This section presents the experimental results of the VR-based welding training pro-
gram. It details the demographic characteristics of the participants, quantitative data
from pre- and post-training assessments, including welding knowledge, machine and gas
parameter settings, safety awareness, and the impact of VR training on the participants’
confidence and anxiety levels. Graphical representations further support the results to
better understand the trends and significant changes observed.
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4.1. Participant Demographics

A total of twenty participants with no prior welding experience were included in
this study. To minimize the influence of confounding variables on learning outcomes,
participants were also screened for prior welding-related skills and VR familiarity. This
screening was conducted as part of the formal Informed Consent process. The Informed
Consent Form included two precise screening questions to ensure participant homogeneity,
requiring only binary confirmation: (1) “Do you have any prior formal or professional
welding experience (e.g., in MIG/MAG, TIG, or SMAW)?” and (2) “Have you previously
used any Virtual Reality (VR) headset or application?” All participants confirmed that
they possessed no significant prior welding-related skills and had not previously used any
VR applications. The average age of the participants was 29 years (SD = 3.50). The group
consisted of 16 males (80%) and 4 females (20%). All participants actively participated in
regular VR training sessions for two weeks, attending five sessions per week, each lasting
two hours.

4.2. Assessment of Welding Knowledge

To evaluate changes in participants’ GMAW knowledge, multiple-choice tests were
administered before and after the training. The test results showed that VR training
had a statistically positive effect on the acquisition of theoretical welding knowledge.
Before undergoing VR training, participants scored an average of 45.3 (SD = 8.7) on the
pre-training test. After completing the VR sessions, their mean score rose to 85.1 (SD = 6.2),
as detailed in Table 4. A paired-sample ¢-test confirmed that this increase was statistically
significant (£(19) = 15.2, p < 0.001), with a large effect size (Cohen’s d = 5.27) and a mean
difference of 39.8 points (95% CI [35.90, 43.70]). Figure 9 illustrates the average improvement
in theoretical knowledge. These results indicate that the VR training substantially enhanced
participants” foundational understanding of the subject.

Comparison of Mean Welding Knowledge

Scores Before and After VR Training
85.1

©
; Zg 453
=
s
= 30

20

10

0

Pre-Test Post-Test

Pp<0.001
Assessment Phase

Figure 9. Comparison of mean welding knowledge scores before and after VR training.

Table 4. Comparison of pre- and post-test mean scores, standard deviations, mean differences,
confidence intervals, and effect sizes for welding knowledge.

Assessment Phase = Mean Score SD  Mean Difference (95% CI) Cohen’s d

Pre-Test 45.3 8.7 39.8 [35.90, 43.70] 5.27
Post-Test 85.1 6.2
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4.3. Assessment of Machine and Gas Parameter Adjustment Knowledge

Analysis of the test results of the participants” knowledge and practical skills in ad-
justing the welding machine and gas parameters showed that the skills of the participants
improved significantly after VR training. Before training, the mean score of the partic-
ipants was 28.7 (SD = 5.5). In contrast, the scores after training showed a significant
improvement in the mean score to 92.3 (SD = 4.8), as shown in Table 5. The paired-sample
t-test confirmed the statistical significance of this improvement (¢(19) = 25.8, p < 0.001),
demonstrating a large effect size (Cohen’s d = 11.56) and a mean difference of 63.6 points
(95% CI[60.84, 66.36]). The significant improvement in operational control skills is visually
represented in Figure 10, which illustrates the difference in mean scores before and after
the intervention. The results clearly show that the VR simulation provided an effective and
practical learning experience as the participants were able to effectively adjust and control
key welding parameters such as the wire feed speed, voltage, current and gas flow. This
dramatically improves basic familiarity with the operating controls.

Comparison of Mean Machine and Gas Parameter

Adjustment Scores Before and After VR Training
92.3

100
90
80
70
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40
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20
10

Mean Score

28.7

Pre-Test Post-Test

p<0.001
Assessment Phase

Figure 10. Comparison of machine and gas parameter adjustment scores before and after VR training.

Table 5. Comparison of pre- and post-test mean scores, standard deviations, mean differences,
confidence intervals, and effect sizes for machine and gas parameter adjustment knowledge.

Assessment Phase = Mean Score SD  Mean Difference (95% CI) Cohen’s d

Pre-Test 28.7 5.5 63.6 [60.84, 66.36] 11.56
Post-Test 92.3 4.8

4.4. Findings on Confidence and Anxiety Levels

To evaluate changes in participants’ confidence and anxiety levels toward welding
tasks before and after the VR welding training, a Likert-scale questionnaire was admin-
istered. Analysis using paired-sample t-tests indicated that the program substantially
enhanced participants’ perceived self-efficacy while helping them manage anxiety more
effectively. In this study, the adapted scales demonstrated high internal consistency,
with Cronbach’s alpha values of 0.89 for the confidence scale and 0.87 for the anxiety
scale, confirming their reliability.



Appl. Sci. 2025, 15, 12331

14 of 24

In this study, psychological readiness was conceptualized as a composite concept
defined as reduced sweat anxiety and increased self-reported confidence. Assessments
were conducted using an adapted Likert scale before and after VR training.

4.4.1. Changes in Confidence Levels Regarding Welding Skills

Prior to the VR training program, participants generally lacked confidence in applying
basic welding techniques, operating a real welding machine, adjusting parameters such as
welding torch angle, electrode extension length, and following welding procedures.

After completing the two-week VR training, the trainees’ confidence in all aspects
increased significantly. For “I believe I can correctly apply basic welding techniques”
(item 1), the average score before the survey was 1.8 points (SD = 0.7), and it increased
to 4.2 points (SD = 0.3) after the training. The confidence in operating a real welding
machine also increased significantly. For “After VR training, I no longer hesitate to use a
real welding machine” (item 2), the average score increased from 2.1 points (SD = 0.8) to
3.9 points (SD = 0.6).

Regarding parameter adjustment, participants indicated that their confidence in “I
feel confident in adjusting parameters such as torch angle and electrode extension length
when welding” (item 3) increased significantly. The mean score increased from 1.9 points
(SD = 0.7) to 4.5 points (SD = 0.2). Confidence in compliance with process specifications also
increased significantly. For “I feel my ability to follow welding procedures has improved
after the training” (item 4), the mean score increased from 1.5 points (SD = 0.4) to 4.6 points
(SD =0.5).

The overall perception of welding self-efficacy also improved significantly. For “Over-
all, my confidence in my welding skills increased after VR training” (item 5), the score
improved from 1.7 (SD = 0.6) before training to 4.3 (SD = 0.3) after training. The significant
improvement (p < 0.001) for all items is shown in Figure 11, which presents the pre- and
post-training scores in the form of a grouped bar chart and a line graph. Table 6 details
these results by presenting the pre- and post-survey mean scores and standard deviations
for each item. The results clearly show that VR-based training significantly improved the
participants’ confidence and perceived competence in their welding practice.

Table 6. Mean scores and standard deviations of pre- and post-survey for confidence levels regarding
welding skills.

Item No. Statement Pre-Survey Mean (SD)  Post-Survey Mean (SD)

I'believe I can correctly apply

1 basic welding techniques. 18(07) 42(03)
After VR training, I no longer

2 hesitate to use a real welding 2.1(0.8) 3.9(0.6)
machine.
I feel confident in adjusting

3 parameters such as torch angle 19 (0.7) 45(02)

and electrode extension length
when welding.

I feel my ability to follow
4 welding procedures has 1.5(0.4) 4.6 (0.5)
improved after the training.

Overall, my confidence in my
5 welding skills increased after 1.7 (0.6) 4.3 (0.3)
VR training.
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Changes in Mean Confidence Levels Regarding Welding
Skills Before and After VR Training
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Figure 11. Changes in mean confidence levels regarding welding skills before and after VR training.

4.42. Changes in Anxiety Levels Regarding the Welding Environment

Results for anxiety levels related to the welding environment showed a significant
positive impact of VR training. Prior to the training, participants reported high levels of
anxiety about potential risks and discomfort in the real welding environment. For example,
the pre-survey mean score for “I am concerned about the safety risks I may face in the
real welding environment” (item 6) was 4.5 (SD = 0.6). Similarly, the mean score for “I
feel anxious about making mistakes or harming myself while real welding” (item 7) was
as high as 4.3 (SD = 0.7), and the score for “I feel stressed during the welding learning
process” (item 8) was 4.2 (SD = 0.6). The discomfort that participants felt in the real welding
environment was also reflected in the statement “I feel uncomfortable in a real welding
workshop” (item 9), which had a mean score of 4.0 (SD = 0.5). Finally, the overall perception
of welding-related anxiety, i.e., “Overall, my anxiety level regarding real welding tasks is
high” (item 10), reported a mean score of 4.1 (SD = 0.7).

After completing the VR training course, all observed anxiety dimensions decreased
significantly and were statistically significant. The mean score for item 6 decreased signifi-
cantly to 1.5 (SD = 0.2), reflecting a significant reduction in perceived safety risk. Item 7
decreased to 1.3 (SD = 0.2), indicating a significant reduction in fear of personal error and
injury. Similarly, stress associated with the welding learning process (item 8) also decreased
significantly to a mean score of 1.2 (SD = 0.1). Notably, participants reported feeling more
comfortable in a real-life welding environment, with a mean score of 1.1 (SD = 0.1) for
item 9. In addition, the general anxiety level (item 10) also decreased significantly to 1.1
(SD =0.1).

These findings are also shown in Table 7, where the mean scores and standard devia-
tions for each anxiety item are presented before and after VR training. These statistically
significant improvements (p < 0.001) are demonstrated in Figure 12, which uses a compar-
ative visualization to present the mean scores before and after each training. The results
indicate that VR-based welding training was highly effective in reducing the anxiety and
discomfort of the participants and significantly improved their mental readiness for actual
welding tasks.
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Table 7. Mean scores and standard deviations of pre- and post-surveys for anxiety levels regarding
the welding environment.

Item No. Statement Pre-Survey Mean (SD)  Post-Survey Mean (SD)

I am concerned about the
6 safety risks I may face in the 4.5 (0.6) 1.5(0.2)
real welding environment.

I feel anxious about making
7 mistakes or harming myself 4.3(0.7) 1.3(0.2)
while real welding.

I feel stressed during the

welding learning process. 42(0.6) 1.2(0.1)

I feel uncomfortable in a real

? welding workshop. 40(05) 11(0.)
Overall, my anxiety level

10 regarding real welding tasks 4.1(0.7) 1.1 (0.1)
is high.

Changes in Mean Anxiety Levels Regarding Welding Skills
Before and After VR Training

M Pre-Survey Mean
I ' I I ' M Post-Survey Mean
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Figure 12. Changes in mean anxiety levels regarding welding skills before and after VR training.

5. Discussion

Recent advancements in VR technologies have created significant opportunities for
vocational education, particularly in disciplines where precision, safety, and cost efficiency
are critical. The present study examined the effects of immersive VR-based training on the
acquisition of essential welding skills, the enhancement of learners’ confidence, and the
reduction in performance-related anxiety.

The results demonstrated substantial improvements in both theoretical welding knowl-
edge and practical understanding of machine operation. A paired-sample f-test con-
firmed that the increase in theoretical knowledge was statistically significant (£(19) = 15.2,
p < 0.001).

The improvements observed extend beyond statistical significance, as evidenced by
large effect sizes across both technical domains. The magnitude of the enhancement in
theoretical knowledge acquisition (Cohen’s d = 5.27) and technical parameter adjustment
proficiency (d = 11.56) substantially exceeds conventional thresholds for significant effects
(d > 0.8), as clearly demonstrated in Tables 4 and 5. The precision of these estimates is fur-
ther supported by the narrow 95% confidence intervals surrounding the mean differences
[39.8 points, 95% CI [35.90, 43.70] for knowledge; 63.6 points, 95% CI [60.84, 66.36] for pa-
rameter adjustment], indicating robust effect estimation and reinforcing the validity of the
conclusions regarding VR-based welding training efficacy.Furthermore, due to the highly
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significant p-values reported across all twelve paired-sample comparisons (p < 0.001 for all
objective and affective measures), the findings remain statistically robust even following
stringent correction for multiple comparisons (e.g., Bonferroni correction), confirming the
rigor of the statistical conclusions.

These exceptionally high effect sizes substantially exceed typical meta-analytic find-
ings reported in the broader VR training literature, where Cohen’s d typically ranges
between 0.6 and 0.9. This divergence can be attributed to the distinctive methodological
characteristics of our training protocol. First, our participant cohort consisted exclusively
of absolute novices with no prior welding experience, resulting in learning gains mea-
sured from a near-zero baseline. Second, the study implemented a systematic, two-week,
repetitive training program rather than a single, short intervention. We hypothesize that
the combination of true novice learners and extended, repeated practice amplified the
observable improvements in technical knowledge and machine adjustment competence,
thereby producing these unusually large effect sizes. Consequently, the results highlight the
transformative potential of VR for fundamental skill acquisition among beginning learners.

As illustrated in Figure 9, participants’ average welding knowledge score increased
markedly, from 45.3 prior to training to 85.1 after training. These gains can be attributed
to targeted instructional components, such as maintaining the correct torch angle—which
directly affects weld pool formation and penetration depth [40]—and the precise control
of travel speed, which is crucial for regulating heat input and bead geometry [42]. These
findings are consistent with prior research emphasizing that VR provides an engaging and
interactive learning environment in which complex technical concepts and practical skills
are effectively communicated through visual, tactile, and auditory cues [6].

In addition to technical proficiency, the VR training produced noteworthy improve-
ments in participants’ psychological outcomes. As shown in Figure 11, pre-survey results
indicated low self-confidence across welding tasks, with mean scores ranging from 1.5 to
2.1. Following the training, confidence levels increased significantly, reaching post-survey
mean scores of 3.9 to 4.6. This improvement underscores the role of VR as a safe and
repeatable practice environment that allows learners to experiment, make mistakes without
material or safety consequences, and gradually build self-efficacy. These outcomes rein-
force previous studies highlighting VR'’s potential to strengthen learner confidence in skill
acquisition [6].

However, one potential limitation frequently highlighted in the literature on VR-based
training is the possibility of inducing overconfidence due to the inherently risk-free nature
of the virtual environment. To address this concern, the developed system integrates
haptic safety feedback. Specifically, during welding practice, when the user’s virtual hand
meets the workpiece, the controller delivers vibration feedback that simulates potential
hazards. This design choice reinforces occupational safety awareness by reminding learners
of the risks associated with inappropriate hand positioning, thereby preventing unrealistic
perceptions of invulnerability while still supporting confidence development.

In addition to the documented pedagogical and psychological benefits, scalability
is a critical factor for the industrial applicability of VR-based training. The developed
system is inherently adaptable for concurrent use, as multiple headsets can be operated
simultaneously within the same training session. This allows several trainees to practice in
parallel, thereby increasing throughput and reducing training time per cohort. Furthermore,
the system supports instructor monitoring through cloud-based data collection, enabling
trainers to remotely observe learners’ performance, track progress in real time, and gen-
erate individualized feedback reports. Such scalability features enhance the feasibility
of integrating VR welding simulators into industrial training programs, where efficiency,
standardization, and large-scale workforce development are essential.
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Equally important were the reductions observed in reported anxiety levels. Prior
to the intervention, participants expressed high levels of anxiety associated with safety
risks, potential mistakes, and the stress of working in a real workshop, with mean scores
ranging from 4.0 to 4.5 (Figure 12). Post-training measures revealed a substantial decrease,
with scores dropping to 1.1-1.5. This reduction suggests that VR simulations can mitigate
performance-related stress by replicating high-risk scenarios in a controlled environment,
thereby fostering familiarity and resilience. Such findings align with research demon-
strating the value of VR in preparing learners to manage stress and anxiety in real-world
contexts [52].

Taken together, these findings hold important implications for both vocational training
and industrial practice. VR-based welding training offers a safer, more cost-effective,
and scalable alternative to traditional approaches that typically involve high-cost materials
and inherent safety hazards. The observed improvements in both technical competence
and psychological readiness suggest that VR not only accelerates skill acquisition but
also prepares learners to perform with greater confidence and reduced anxiety, thereby
contributing to safer and more efficient welding applications in industry.

A preliminary cost-benefit analysis indicates that while traditional workshop-based
welding training requires continuous expenditure on consumables, such as filler wire,
shielding gas, electrodes, and steel workpieces, estimated at approximately $100 per trainee
for a 20-h introductory module (=$1000 for a cohort of 10 students), VR-based training
eliminates these recurring costs. Instead, it requires a one-time investment in hardware,
including a Meta Quest 2 headset and a compatible PC (total ~ $1300), plus minor mainte-
nance and software expenses of roughly $80-100 per cohort. Although the upfront VR cost
exceeds the consumables of a single traditional course, the system quickly amortizes over
repeated use: after three to five training cycles, cumulative savings on materials, space,
and safety requirements outweigh the initial investment. It should be noted that the current
cost analysis primarily accounts for direct equipment and consumable expenses; instructor
time and facility overheads were not included, as these vary widely across institutions
and training contexts. These findings align with previous reports that VR simulators pro-
vide significant long-term economic advantages by reducing material consumption and
minimizing accident-related expenditures [14].

The present study introduces a VR-based training system for foundational MIG/MAG
welding and evaluates its outcomes in the context of prior research on VR welding educa-
tion. Unlike [15], who observed no significant performance improvements following a brief
one-hour session with the VRTEX® 360 simulator—an outcome attributed to participants’
prior experience and the lack of multimodal feedback—our study targeted twenty true
novices and employed a structured two-week training program. This longer training dura-
tion, with repeated and progressively more challenging practice sessions, likely contributed
to the significant performance gains observed. Furthermore, by focusing exclusively on
novices, the learning effect was not confounded by existing habits or prior knowledge,
making improvements more pronounced. Combined with the integration of real-time
visual, auditory, and haptic feedback, these factors explain why the current study achieved
stronger results than those reported in [15].

Commercial platforms such as VRTEX® 360 and Soldamatic® illustrate the diversity
of VR welding systems in terms of realism and technical setup. While these solutions
deliver high fidelity and advanced analytics, they depend on costly proprietary hardware
and extensive calibration, which restrict scalability for smaller training institutions [53].
In contrast, the Unity—Meta Quest 2 configuration used in this study achieves similar
pedagogical outcomes through a portable, wireless system that requires no external tracking
devices, highlighting accessibility and practicality as its main advantages [10].
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A key feature of our system is the integration of real-time visual, auditory, and haptic
feedback, providing a more immersive learning environment than systems with limited
sensory modalities. This design aligns with the recommendations of [14], who emphasized
enhancing VR welding training fidelity through accurate movement simulation and mul-
timodal feedback. Furthermore, the system’s real-time 3D visualization and interaction
processing, as highlighted by [3], are critical for effective VR-based learning.

While previous work focused on soldering applications [11], our system addresses the
more complex MIG/MAG process, encompassing essential operational parameters such
as torch angle, electrode extension, travel speed, gas flow, and machine settings, similar
to parameter-focused VR systems [3]. Importantly, our findings on objective knowledge
acquisition contrast with [16], who reported that immersive VR did not enhance immediate
declarative knowledge and that paper-based methods outperformed IVR in objective
post-tests for vocational education. A key reason for this discrepancy may lie in the
structured and extended nature of our training protocol. Whereas [16] evaluated outcomes
after a single short exposure, our program spanned two weeks with repeated practice
opportunities, allowing learners to consolidate both procedural and declarative knowledge
over time. Additionally, our participant pool consisted entirely of novices with no prior
welding experience, which reduced ceiling effects and amplified observable learning gains.
The integration of multimodal feedback (visual, auditory, and haptic) also provided a
richer learning environment compared to the IVR systems in [16]. These methodological
differences likely explain why the present study yielded stronger improvements in both
objective knowledge and affective outcomes.

These psychological benefits are further supported by [13], who reported that VR
positively influences cognitive, behavioral, and affective engagement, including motivation
and learning efficacy, while also aiding in emotion regulation. In contrast to [12], who
found persistent anxiety despite VR exposure, our findings indicate that VR simulations
can effectively mitigate performance-related stress by replicating high-risk scenarios in a
controlled environment. Collectively, these results underscore the pedagogical novelty of
our system, which combines comprehensive multimodal feedback with cost-effective and
accessible hardware—a factor highlighted by [10] as critical for the broader implementation
of VR welding simulators, particularly for the initial training of novice welders, allowing
repeated practice in safe conditions.

Despite these promising findings, the study has several notable limitations that restrict
the scope of generalization. First, the relatively small sample size (1 = 20) reduces statistical
power and limits the representativeness of the results. Future studies should recruit larger
and more heterogeneous samples, including participants with varying levels of welding
experience and different demographic characteristics, such as educational background and
technical aptitude, to strengthen external validity. Second, the two-week training period, al-
though sufficient for capturing short-term effects, is insufficient to assess the durability and
decay of learned skills, skill transfer to real-world welding tasks, and the sustainability of
psychological benefits, such as reduced anxiety. To strengthen the pedagogical implications
regarding skill mastery, future research must explicitly incorporate longitudinal follow-up
measurements (e.g., three to six months) to track the persistence, retention, and transfer-
ability of acquired skills to real welding environments, thereby evaluating how VR training
translates into enduring professional competence. Third, the study did not evaluate how
effectively VR-acquired skills translate into actual workshop performance over time, which
remains a crucial step toward validating the ecological validity of VR-based training. Fu-
ture investigations should therefore include longitudinal and transfer-of-training analyses.
The system’s modular design, leveraging the portable, wireless Meta Quest 2 platform and
replicating the authentic control interface of the Magmaweld RS300 MK machine, estab-
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lishes a robust architectural foundation for sensor-based integration with external physical
welding equipment required for future Mixed Reality (MR) transfer validation. Addi-
tionally, although large effect sizes were observed, they should be interpreted cautiously,
as they may reflect short-term performance gains rather than enduring skill mastery.

Extended training durations and longitudinal follow-up measurements would provide
deeper insights into the durability of learning outcomes. Third, the exclusive reliance on
self-reported survey data for confidence and anxiety introduces the risk of subjective bias.
Incorporating objective performance-based measures obtained from real welding tasks
could improve the robustness of the conclusions. Finally, the VR environment focused
on fundamental MIG/MAG welding tasks only; therefore, its applicability to complex,
industrial-level welding scenarios and different welding processes (e.g., TIG or SMAW)
remains to be validated in future research. Further refinement of the system should also
consider incorporating more realistic thermal effects, variable material types, and multi-
pass welding processes to increase fidelity and industrial relevance.

Another limitation of this study is the limited sample size (1 = 20) and the gender
imbalance among participants, with 80% male and only 20% female trainees. Such a small
and demographically uneven sample constrains the statistical power of the analyses and
limits the extent to which the findings can be generalized to broader populations. Previous
research suggests that gender-related differences may influence factors such as self-efficacy,
perceived competence, and anxiety responses in technical learning contexts. Therefore,
while the results of this study indicate strong learning gains and significant reductions
in anxiety, they should be interpreted with caution due to these demographic limitations.
Future research should recruit a larger and more gender-balanced cohort to verify the
reproducibility of the findings and to explore whether VR-based welding training can help
mitigate gender disparities in technical education outcomes.

Future research should incorporate objective, performance-based evaluations derived
from real welding tasks and apply longitudinal designs to assess the durability of acquired
skills and mitigate the threat of skill decay.

In this study, welding performance was assessed within the VR environment through
bead geometry and surface characteristics, reflecting learners’ control of torch angle, travel
speed, and electrode-to-workpiece distance. While such measures indicate procedural
accuracy, they cannot substitute for destructive or mechanical testing of physical welds.
Accordingly, forthcoming studies should validate weld quality in real workshop conditions
and extend simulations to cover critical real-world challenges such as joint preparation,
material thickness variations, and thermal effects (e.g., residual stress and material warp-
ing). To enhance ecological validity, future systems should integrate these modules and
correlate outcomes with standardized destructive and non-destructive tests. Moreover,
future research should establish appropriate control groups—such as participants receiving
conventional, instructor-led welding training and those without intervention—to enable
direct comparison with the VR-trained cohort. Such comparative designs will make it
possible to determine whether the observed performance and psychological improvements
truly result from VR-based training, thereby strengthening causal inferences and internal
validity. Recording and visualizing individual learning curves across sessions will further
capture progression patterns and variability. In addition, longitudinal follow-up studies
should be conducted to track learners over extended periods (e.g., three to six months)
after VR training to determine the persistence, retention, and transferability of acquired
skills to real welding environments. Evaluating the long-term effects of VR-based instruc-
tion—such as sustained hand—eye coordination, procedural memory, and accuracy under
real workshop conditions—will provide a more comprehensive understanding of how
VR training translates into enduring professional competence. Finally, controlled studies
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should directly examine whether competencies developed in VR translate into workshop
performance, using standardized metrics such as bead geometry, penetration depth, defect
rates, and mechanical strength of welded joints.

6. Conclusions

The findings of this study demonstrate that immersive VR-based welding training
constitutes a practical and innovative approach to vocational education. By providing
a safe, repeatable, and psychologically supportive environment, VR not only enhances
technical proficiency but also strengthens learner confidence while mitigating training-
related anxiety. These results highlight the potential of VR to overcome the fundamental
constraints of traditional workshop-based instruction and to facilitate a more efficient
transfer of theoretical knowledge to practical competence.

From a pedagogical standpoint, VR fosters active, experiential learning, thereby align-
ing with contemporary principles of motivation, self-efficacy, and learner-centered instruc-
tion. From an industrial perspective, it offers a scalable and cost-effective training solution
that reduces material consumption, minimizes safety risks, and accelerates the develop-
ment of critical skills. Consequently, VR-based systems hold considerable promise for both
modernizing vocational curricula and addressing skilled labor shortages in sectors such as
manufacturing and construction.

Notwithstanding these promising results, the study is limited by its relatively modest
sample size and short-term focus. Future research should employ longitudinal designs to
examine skill retention and potential skill decay over extended periods of time, involve
more diverse participant groups to enhance generalizability, systematically collect detailed
demographic data (e.g., educational background and technical aptitude), and develop
advanced training modules that address complex welding processes (beyond MIG/MAG,
such as TIG or SMAW) and meet industry-specific requirements. Such investigations will be
essential to validating the sustainability of the observed benefits and ensuring the broader
applicability of VR-based training in high-risk, skill-intensive domains.
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Abbreviations
The following abbreviations are used in this manuscript:

VR Virtual Reality

GMAW  Gas Metal Arc Welding
MIG Metal Inert Gas

MAG Metal Active Gas

HMD Head-Mounted Display
L/min  Liters per Minute

SD Standard Deviation
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