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Abstract— This study explores the use of 360° Virtual Reality
(VR) technology to enhance semiconductor training, focusing on
cleanroom procedures, equipment handling, and safety protocols.
By immersing trainees in realistic, interactive environments, 360°
VR offers an accessible and scalable alternative to traditional
hands-on training, particularly in highly controlled or hazardous
settings. The project investigates the effectiveness of VR
experiences in improving knowledge retention, procedural
accuracy, and learner engagement, and identifies opportunities
and limitations for integrating 360° VR into semiconductor
workforce development programs.
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I. INTRODUCTION

Training personnel for semiconductor fabrication is
resource-intensive and time-consuming due to the high cost of
cleanroom facilities, safety concerns, and the complexity of
equipment and microfabrication processes [1]. Extended
Reality (XR) — encompassing virtual reality (VR), Augmented
Reality, and Mixed Reality —has emerged since the 2010s as a
powerful tool to simulate diverse scenarios and complicated
environments for education and workforce training [2]. VR can
immerse trainees in an entirely virtual cleanroom or factory,
enabling practice of procedures like photolithography, etching,
and equipment operation/maintenance in a risk-free setting [3].
Likewise, 360° video enabled tours offer an accessible and
scalable way to experience cleanroom environments virtually.

While fully immersive and interactive VR models have
been developed to simulate semiconductor manufacturing
processes, 360° VR remains uniquely valuable [4]. Although
360° VR may lack the same level of interaction as fully
simulated VR, they provide learners with the opportunity to
observe and experience real-world production settings, offering
an authentic, detailed view of actual fabrication environments
and workflows [5]. This exposure is critical for bridging the gap
between theoretical knowledge and practical familiarity,
especially when physical access to cleanrooms is restricted due
to cost, safety, or contamination risks [4, 5].
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Semiconductor manufacturing requires highly specialized
facilities and adherence to rigorous cleanroom protocols, which
pose significant barriers to hands-on training. XR technology
addresses this limitation by providing "virtual fab"
environments where learners can engage with realistic process
simulations and observe complex operations without the risk of
contamination, equipment damage, or disruption to actual
fabrication workflows [3]. Common XR training topics include
cleanroom gowning procedures, contamination control,
operating equipment, and responding to safety hazards [6].

II. LITERATURE REVIEW

XR technologies have significantly advanced training for
semiconductor fabrication, particularly in equipment operation,
photolithography, and safety protocols. By the mid-2010s,
universities and companies began developing VR training
modules to tackle the talent shortage in microelectronics [4, 5].
Early efforts, such as the VR simulator for photolithography
training, enabled students to safely practice complex procedures
[7]. The adoption of XR for microelectronics training is growing
internationally [8]. In Germany, Blair et al. have explored the
use of VR for cleanroom training in photonics laboratories [9].
In the United Kingdom, immersive 360° videos have been
increasingly adopted in health and technical education to
simulate complex environments [10], and similar initiatives are
emerging in the Middle East. In Asia, companies like Taiwan
Semiconductor Manufacturing Company (TSMC) have
introduced advanced VR-based safety and skills training
programs to improve semiconductor manufacturing workforce
preparedness [11]. Together, these efforts reflect a broader
global movement to democratize access to semiconductor and
cleanroom education and address critical workforce shortages.

Figure 1 illustrates the chronological progression of XR-
related (VR, AR, MR) efforts in semiconductor workforce
training between 2018 and 2025. Overall, there is a noticeable
increase in initiatives over time. This growth reflects a rising
recognition of the need for immersive learning technologies to
address the semiconductor talent shortage [11, 12]. Both
academic research and industrial deployment efforts have
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expanded, suggesting that XR training is transitioning from
experimental stages into mainstream adoption across the
semiconductor industry.
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Fig. 1. The number of publications per year related to XR applications in
semiconductor training, categorized by academic (blue) and industrial (orange)
sources, highlighting annual contributions from both sectors, capturing trends
in research activity and practical implementations over an eight-year span.

As shown in Figure 1, academic publications consistently
dominate the earlier years, particularly from 2018 to 2023.
Universities and research teams have been early adopters of VR
and AR for cases such as cleanroom simulations,
photolithography training, and equipment operation. In
contrast, industrial XR solutions have shown significant growth
starting around 2022. Companies such as TSMC [11] and
initiatives like vFabLab by Intel [12] highlight the rising
corporate investment in XR platforms for technician training,
cleanroom operations, and maintenance support. By 2024,
industrial contributions have begun to match and even surpass
academic outputs, signaling a shift toward commercial adoption.

This trend suggests that XR technologies are no longer
viewed solely as educational experiments but as critical tools for
scaling up semiconductor workforce readiness in professional
settings. Companies such as Semiwise in the United Kingdom
have developed a full-scale VR fabrication facility that
simulates the operation of major semiconductor manufacturing
tools [13]. KLA Corporation has introduced an AR/VR training
platform that enables engineers to interact with virtual
inspection and metrology tools, enhancing both technical
understanding and procedural accuracy [14]. Additionally,
TSMC’s implementation of a VR safety classroom for
construction contractors led to a remarkable 76% reduction in
procedural errors, demonstrating the tangible benefits of
immersive training technologies in improving workplace safety
and performance [11].

Despite the growing use of XR, particularly immersive 360°
videos, current literature highlights several important
limitations. First, few empirical studies have rigorously assessed
the instructional effectiveness of 360° videos in semiconductor
education compared to traditional teaching methods; much of
the existing work remains descriptive or anecdotal. Second,
while 360° videos offers authentic exposure to real-world
environments, it often lacks interactivity, which may limit
learner engagement and hinder the development of hands-on
procedural skills. Additionally, there has been limited
exploration into how 360° video can be integrated within
broader competency-based or adaptive learning frameworks.
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These gaps underscore the need for future research on
instructional design, assessment strategies, and learner feedback
mechanisms to optimize the use of 360° videos in VR-based
semiconductor education.

III. METHODOLOGY

This study is conducted as part of an “Introduction to
Semiconductors” workshop designed for participants from
higher education institutions—including R1 universities, R2
institutions, and community colleges—as well as engineers
currently in the workforce. The specific training module for the
session focused on microfabrication techniques and cleanroom
operations, and aimed to evaluate participants' experiences,
learning outcomes, and perceived usability after engaging with
a360° video in a VR environment. Participants watched “Inside
the Making of an Intel Chip — 360 Fab Tour for VR” video [15]
using a VR headset (Meta Quest 2 or HTC VIVE Focus pro).
The video offers a 360° virtual tour of Intel’s semiconductor
manufacturing facility, showcasing ultra-clean rooms, advanced
chipmaking equipment, and automated wafer transport systems.
Next, participants complete a structured survey designed to
capture various dimensions of the experience, including
immersion, realism, usability, comfort, audio-visual quality, and
learning outcomes. The research adopts a single-group, post-
experience survey design, using a quantitative approach with
some qualitative open-ended feedback. This methodology is
intended to assess whether VR-enhanced 360° videos can
improve engagement, visualization, and retention of content
compared to traditional learning methods.

A. Survey design

The survey collects both quantitative ratings and qualitative
feedback to understand how immersive, usable, comfortable,
and educational the VR experience is. It is structured into
multiple sections, each targeting a specific aspect of the
participant's interaction with the VR environment.

The survey begins with basic demographic questions, asking
participants about their age group, gender, and ethnicity. This
information helps describe the participant population and will
later be used to explore if different groups experience VR
differently. Following this, Section 1 captures participants'
general impressions of the VR experience, focusing on
immersion, realism, presence, and any discomfort they might
have encountered. This section aims to measure the emotional
and sensory impact of the VR video. Section 2 focuses on
usability and interaction. It asks how easy it was to navigate the
360° video by moving their head and whether the VR controls
(such as play and pause) were intuitive. This section assesses
how well participants could interact with the technology, which
is crucial for understanding barriers to VR adoption. Section 3
evaluates the technical quality of the experience, specifically the
visual clarity, audio quality, and synchronization between
movement and sound. These technical elements can
significantly influence both user satisfaction and learning
outcomes. In Section 4, the survey explores comfort and
physical experience, addressing issues like headset fit, neck
strain, and overall comfort during the VR session. Comfort is a
key consideration, especially in longer VR experiences, and
physical discomfort can heavily influence a participant’s
engagement and learning.

Authorized licensed use limited to: Wayne State University. Downloaded on December 06,2025 at 20:59:05 UTC from IEEE Xplore. Restrictions apply.



The core educational impact is assessed in Section 5, which
explores whether the VR experience enhanced their
understanding of the topic, improved their engagement, and
helped them better visualize and retain information compared to
traditional learning methods like reading or watching standard
videos. This section provides critical insight into whether VR is
an effective tool for teaching complex material. Finally, Section
6 offers participants the opportunity to provide open-ended
feedback about what they enjoyed most, suggestions for
improvement, and their interest in using VR for future learning.
This section allows participants to express thoughts that may not
have been fully captured by structured questions, offering rich
qualitative insights for future refinement of the VR experience.

B. Statistical Analysis

This study explores five main questions related to
participants' experiences using 360° videos in VR for learning
purposes. Each research question focuses on a different aspect
of the user experience and employs specific quantitative and
qualitative methods to gather and analyze data.

First participants' perceptions of the quality and realism of
the VR experience is investigated. To address this, descriptive
statistics are calculated for Likert-scale responses related to the
overall experience, immersion, presence, and realism.
Additionally, an exploratory factor analysis (EFA) is conducted
to determine whether these survey items cluster into meaningful
constructs, such as a unified “perceived realism” factor,
strengthening the measurement validity. Next, usability
challenges are explored. Descriptive statistics summarize
participants’ ratings of navigation ease, interface intuitiveness,
and head-movement synchronization. Chi-square tests are used
to explore whether usability issues differ across demographic
groups. Additionally, open-ended survey responses are
thematically coded to extract common usability concerns that
might not be fully captured by quantitative items.

Next, learning and engagement outcomes are studied. Chi-
square tests are applied to compare learning outcomes across
groups. Qualitative responses related to visualization and
retention are analyzed thematically to uncover patterns in
participants' perceived learning benefits, while studied
regarding discomfort or physical strain associated with the VR.
Descriptive statistics report the proportion and types of
discomfort (e.g., nausea), and open-ended comments about
discomfort will be analyzed to capture any additional issues.

Finally, participants’ suggestions for improvement and their
preferences for future VR experiences are explored. Open-ended
responses are thematically coded and frequency counts of these
coded themes will help prioritize design and content
improvements based on participant feedback.

IV. RESULTS AND DISCUSSION

The participants consisted of 18 individuals diverse in
gender, ethnicity, and age, ranging between 15 and 40 years old.
As displayed in Figure 2., 27.8% of participants are in both the
20-25 and 30-35 age groups, 16.7% in both the 25-30 and 35—
40 groups, and 11.1% in the 15-20 group. Gender distribution
includes 55.6% male and 44.4% female participants. Ethnically,
the participants pool is diverse, with 50% identifying as Asian,
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27.8% as Middle Eastern or North African, 11.1% as White, and
5.6% identifying as Black or African American.

Descriptive statistics are calculated for the four Likert-scale
reported measures of overall experience, immersion, presence
and realism. Mean scores ranges from 3.44 to 3.81 (on a scale
from 1 = poor to 5 = excellent), and median scores are
consistently 4.0, indicating generally positive participant
evaluations. Standard deviations range from 0.91 to 1.15,
suggesting moderate variability in responses. In EFA analysis, a
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Fig. 2. Participant Demographics by Age Group (a) and Ethnicity (b).

Kaiser-Meyer-Olkin score of 0.716 indicates good sampling
adequacy, and Bartlett’s test of sphericity is significant (y%(6) =
39.269, p <0.001), supporting factorability. One factor is
extracted, explaining 67.4% of the total variance, with strong
loadings across all items (loadings: 0.63 to 0.99). This factor
represents what we interpret as “Perceived Immersive
Quality”—a unified construct reflecting participants’ overall
impressions of realism, presence, immersion, and general
experience. The high loadings suggest that these dimensions are
perceived not as separate attributes but as components of a single
immersive experience. In practical terms, this means that
improvements in any one of these elements (e.g., presence or
realism) may enhance the overall immersive perception and
engagement with the training content. This finding supports the
integrated nature of 360° VR experiences and reinforces the
value of holistic design when developing XR training
environments. To complement the factor, score, and strengthen
measurement reliability, a composite score is calculated as both
the mean and sum of the four items, categorizing participants
into low, medium, and high experience groups based on the
composite sum (Low = 4-10, Medium = 11-14, High = 15-20).
Most participants are classified in the High experience group,
suggesting overall positive perceptions of the VR experience,
while only a few fell into the Low and Medium categories.

Chi-square tests of independence are conducted to examine
whether usability ratings differ across demographic groups (age,
gender, ethnicity). For age, no significant differences are found
in navigation ease (p =0.58), interface intuitiveness (p = 0.15),
or head-movement synchronization (p=0.15). Similarly, no
significant differences are found across gender for navigation
ease (p=0.80), interface intuitiveness (p=0.11), or head-
movement synchronization (p =0.1/3). However, significant
differences are found across ethnic groups for interface
intuitiveness (p =0.03) and head-movement synchronization (p
=(0.04), suggesting that perceptions of these aspects of usability
varied by ethnicity. Navigation ease does not differ significantly
across ethnic groups (p =0.41).

Chi-square tests of independence re conducted to examine
whether understanding, engagement, and retention ratings differ
across age, gender, and ethnic groups. For understanding and
engagement, no significant differences are observed across age

Authorized licensed use limited to: Wayne State University. Downloaded on December 06,2025 at 20:59:05 UTC from IEEE Xplore. Restrictions apply.



(p>0.49), gender (p>0.18), or ethnicity (p > 0.29). For retention,
no significant differences are observed across age (p =0.12), but
marginal trends are noted across gender (p = 0.07) and ethnicity
(p = 0.05), suggesting potential group differences in retention
perceptions that warrant further exploration in future research.

Thematic analysis of participants’ open-ended responses
reveals that the VR experience significantly enhances their
understanding of the learning material. Some participants shared
that the immersive environment helped clarify complex
processes and concepts, with comments such as “It was great to
see the processes” and “The process is clearer now.” They
emphasized that being able to observe content from multiple
perspectives and within realistic settings deepened their
comprehension and allowed them to “place a visual in [their]
heads,” which would have been difficult through traditional
methods. In terms of retention and engagement, participants
frequently reported that the VR experience helped them
remember information more effectively and kept them highly
engaged throughout the session. Several noted that they stayed
focused because the experience was interactive and enjoyable,
with one participant describing it as “very exciting to try for the
first time” and another remarking on how it “I could look around
to see what’s happening around the main focus of the video.”
While participants largely viewed the experience as a valuable
tool for supporting both memory and motivation, some
suggested that adding more interactive features could further
increase engagement and strengthen learning outcomes.

Descriptive analysis of overall comfort ratings reveals that
half of the participants (50%) rated the VR experience as
“Comfortable,” while 16.7% reported it as “Very Comfortable.”
About 22.2% of participants selected “Neutral,” and a smaller
proportion (11.1%) reported feeling “Uncomfortable.” These
findings suggest that most participants found the VR experience
reasonably comfortable, though a small subset experienced
discomfort that warrants further attention. Participants’ open-
ended comments reveals that the most commonly reported
discomforts were dizziness, headache, and mild disorientation.
Some participants mentioned feelings of vertigo when looking
down, as well as challenges related to headset fit and weight.

Thematic analysis of participants’ open-ended responses
regarding suggestions for improvement and preferences for
future VR use reveals several key areas for enhancement.
Comments are grouped into three major categories: interface
improvements, content clarity, and comfort adjustments.
Participants suggested improving the interface by making
controls more intuitive, adding interactive features, and
enhancing system responsiveness. In terms of content clarity,
respondents emphasized the need for clearer instructions, better
guidance on where to focus attention, and improved video or
audio resolution. Comfort adjustments were also commonly
noted, with suggestions including better fit, and shorter session
durations to reduce physical strain.

A. Challenges and Future Directions
Despite the promising outcomes observed in this, several
challenges remain in both implementation and pedagogical
effectiveness. One major limitation lies in the lack of
interactivity within 360° video-based training modules. While
360° videos provide authentic visual immersion into real-world

1112

fabrication environments, they do not offer learners the
opportunity to manipulate objects, make decisions, or receive
real-time feedback. This restricts the development of procedural
fluency, particularly for tasks requiring hands-on skills or
decision-making under pressure. Another issue s
standardization and instructional alignment. Current XR content
in semiconductor training is often developed in silos—by
individual universities, companies, or consortia—without a
consistent framework for learning objectives, competency
mapping, or assessment strategies. As a result, content may vary
significantly in depth, clarity, and pedagogical rigor.
Additionally, empirical evidence on learning effectiveness
remains limited. Many deployments of XR remain pilot efforts
with small sample sizes or anecdotal feedback, making it
difficult to generalize outcomes or quantify impact across
different learner populations.

To enhance the effectiveness and adoption of XR-based
semiconductor training, several future directions are
recommended. Embedding overlays, branching narratives, and
gaze-based triggers within 360° videos could enhance learner
agency and improve engagement, enabling a transition from
passive observation to semi-interactive experiences. Future
systems should align XR modules with defined competency
outcomes, allowing for adaptive learning paths based on learner
performance. Large-scale, longitudinal studies are needed to
compare XR modalities with traditional training methods across
different demographic and educational settings. This includes
evaluating knowledge retention, skill transfer, learner
confidence, and job performance over time. As XR becomes
more embedded in mainstream training, inclusive design must
be a priority. Future development should emphasize ergonomic
headset design, adjustable comfort settings, and user-
customizable interfaces to accommodate diverse learners.
Finally, co-developing XR content between academic
institutions and industry partners can ensure alignment with
real-world workflows and technical requirements.

V. CONCLUSION

This study demonstrates that 360° Virtual Reality is a
valuable tool for enhancing learning and engagement in
semiconductor training. Participants reported improved
understanding, retention, and engagement, with the immersive
environment helping them visualize complex processes more
effectively than traditional methods. While most found the
experience comfortable and intuitive, some reported
discomfort, underscoring the need to improve headset design
and session length. Open-ended feedback highlighted priorities
for improvement, including more intuitive interfaces, clearer
guidance, and better technical performance. Overall, the
findings support the potential of 360° VR to expand access to
semiconductor training and address workforce needs. Future
research should explore interactive VR formats, long-term
learning outcomes, and strategies for broad implementation.
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