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Extended Reality for Cleanroom Simulation and Augmentation in
Nanotechnology Classroom

Abstract

With the growing reshoring of U.S. semiconductor manufacturing, there is a growing shortage of
qualified prolessionals. However, training [uture experts in the design, fabrication, and testing ol
nanoelectronics and semiconductor chips requires adequate cleanroom [acilities. Since these
facilities are expensive to operate and maintain, previous efforts have explored fully virtual
reality (VR)—based training environments. Nevertheless, users of VR simulators can experience
challenges such as nausea, motion sickness, discomfort, and reduced sense of physical presence.
Hardware limitations that confine training to fully virtual environments exacerbate these issues
even further and can be significant barriers to effective learning. To address this workforce
development gap and enhance training opportunities, this paper investigates the use of Extended
Reality (XR) tools to supplement and intcgrate lab activitics within an academic clcanroom
facility.

Two XR mcthods were developed in linc with physical cquipment in the clecanroom facility at the
Gceorge Washington Nanofabrication and Imaging Center (GWNIC). The first method is a
VR-style simulation, operating independently of a physical lab space. The second is a
headset-based augmented reality (AR) experience, designed to augment existing lab
environments with virtual tools and procedures.

A comparative evaluation was conducted (o assess user experience across both methods.
Although the sample size was relatively small (N = 13) and participants had varying levels ol
prior cleanroom experience, the results revealed several notable trends. A higher proportion of
students reported that movement in the AR-based movement felt "more natural," and slightly
fewer students experienced motion sickness in the AR environment. However, many students
found the AR interface less intuitive to control compared with the VR simulation.

Based on collected data and user feedback, this paper discusses which XR training tools most
cffectively support student lcarning and engagement. It also cxplores strategics for enhancing
classroom and lab cnvironments beyond the scope of this study, aiming to balance resource
availability with the quality of the lcarning cxperience. While XR training tools may ncver
supplant on-hand cducation, these results show that such simulation capabilitics prove a valuable
supplementation for students in the physical spacc and can substitutc when lab cquipment is
inaccessible.



Introduction

Receent U.S. government policy increasingly encourages domcstic semiconductor fabrication to
support national defense and supply-chain stability, as exemplified by recent government stakes
in companies such as Intel [1]. It is becoming increasingly apparent that the demand for
individuals trained and familiar with cleanroom operation and standards will continue to grow.
This trend has been widely noted in the context of semiconductor and nanoelectronics education,
where access (o [abrication [acilities is already limited by cost, safety requirements, and capacity
constraints [2], [3]. A reasonable expectation from this shifi is that existing facilities within the
United States may struggle to simultaneously meet expanding production demands while also
training the workforce required to staff new or expanded fabrication sites.

One potential solution, and the focus of this paper, is the use of extended reality (XR)
environments to supplement early-stage cleanroom familiarization and procedural training. Prior
work has demonstrated that immersive XR environments can effectively support laboratory
preparation by allowing Icarncrs to cxplore cquipment, workflows, and safcty protocols in
advancc of hands-on instruction [4], [5], [6]. As a training approach, particularly under resource
constraints, this stratcgy is not without prccedent. XR-bascd simulators have long been employed
in acrospacc, defensc, and other safety-critical ficlds to provide cxposurc to complex systems
while reducing cost, risk, and time demands associated with training on physical equipment [7],

8].

The novelty of this paper is its direct comparison of two extended reality (XR) training
modalities, [ully immersive virtual reality (VR) and headset-based augmented reality (AR),
implemented around the same cleanroom spulttering process within a nanotechnology classroom.
While prior work has largely examined VR-based cleanroom simulations in isolation, this study
evaluates how VR and AR differentially impact student experience, usability, and human factors
such as motion sickness, preferred methods of movement, and interaction intuitiveness. By
comparing both XR approaches with identical educational objectives, this work provides insight
into how each modality can best supplement cleanroom training under real educational
constraints and student preferences.

This papcr 1s organized as follows. Scction 11 reviews related work in XR-supported laboratory
and clcanroom cducation. Scction Il describes the VR and AR system implementations and
study mcthodology. Scction 1V presents quantitative and qualitative results from student
cvaluations, followed by a discussion of implications, limitations, and decsign considerations in
Section V. Section VI concludes the paper and outlines directions for future work, emphasizing
the role of XR as a complementary tool to hands-on cleanroom instruction.



Prior Work

Early works on virtual laboratorics highlightcd significant limitations stcmming from the
technological maturity of the time [7], [9], [10]. While they recognized the potential of virtual
labs to expand access to STEM education, they noted that distance learning in science and
engineering was still lagging behind other fields due to the limited interactivity, realism, and
scalability of early systems. Hardware constraints, network bandwidth, and the lack of
immersive interfaces restricted the ability of these platforms (o replicate authentic laboratory
experiences. As a result, adoption was slow and outcomes were oflen less effective compared to
hands-on labs, underscoring a need for more advanced immersive technologies that later studies
began to address [7], [11].

Recent efforts have explored the use of immersive virtual reality (VR) simulations to augment
hands-on nanofabrication and cleanroom training [2], [6], [9]. The goal has been to address
well-known barriers such as limited physical access, safety concerns, and instructional capacity
m hands-on laboratory environments. A prototypc VR clcanroom simulation was previously
developed at George Washington University for nanoclectronics cducation [3], cmbedding a
45-minute mteractive module that guides lcarners through the workflow for fabricating
micro-scale resistors, from samplc preparation to clectrical characterization. A mixed-mcthods
study with five students enrolled in a university-level nanoelectronics course indicated that users
found the simulation useful for repeatedly exploring cleanroom spaces and sequence logic in a
risk-free, repeatable setting, which contributed to increased confidence in later engagement with
an actual cleanroom facility. Participants also provided recommendations for interface and
learner-experience improvements [3]. VR simulation has also been used to prepare students [or
complex equipment operation such as sputter deposition and vacuum sysiems, where virtual
practice increases student familiarity and reduces the likelihood of errors during real equipment
use [4]. What is often missed, or even highlighted as a failure, within these papers are the overall
"soft factors” that contribute to making these experiences complete educational experiences.
Often, selected users are hindered in their learning by the onset of motion sickness, which can
prevent them from fully engaging with the learning environment [3], [5], [7].

Previous works have explored the usc of AR as a tool for simulating clcanrooms, with some
finding thc tcchnology cither too immature or too cxpensive to devcelop, thereby limiting the
potential bencfits the platform could offer [12]. Others have investigated mobile devices as a
potential AR medium, Ieveraging the ubiquity of ccllphone cameras and proccessing power [13].
Onc uscr cxpressed frustration with the implementation of AR, stating, “I found this app
unnecessarily complex.” In contrast, another team applying AR in chemistry education found
that most users agreed their app could serve as a substitute for in-class exercises, particularly in
situations where hands-on experience is less feasible [11], [14], [15]. While these studies often
take a comparative approach, evaluating multiple learning methods beyond hands-on training



[12], [13], they typically examinc only onc implementation method at a time, using othcer studics
as a point of comparison. To addrcss this limitation, this papcr aims to cvaluatc multiple XR
simulators using thc samc participants, thercby controlling for participant variability and
enabling more direct comparisons across platforms.

Methodology

This paper looks at both VR and AR simulation environments, towards developing [uture digital
twins and supportive assistants that the students can utilize comfortably in a (raining
environment. Two XR training environments were developed for this study: a Virtual Reality
(VR) Simulation and an Augmented Reality (AR) simulation based on microfabrication facilities
in real cleanroom space (Figure 1). The Virtual Reality (VR) Simulation provides a fully virtual,
headset-based VR cleanroom environment that replicates the sputtering process performed in the
physical laboratory (Figure 1a-b). This virtual environment operated independently of any
physical lab spaces and included a full tutorial section. The virtual setting modeled both the full
university cleanroom facility and the adjacent instructional classroom, with a dedicated virtual
room that houscd the sputtering system used for training. The augmented rcality simulator allows
virtual tools and proccdural guidancc to be overlaid directly onto the physical laboratory
cnvironment to guide the students’ hands-on cxperimentation (Figure 1c-d).

d)

AR overlay

Fig 1: A comparison of the real vs. simulated facilities. A sputtering system in a) the physical
laboratory space vs. b) in VR. A lab bench in c¢) the cleanroom vs. d) with overlayed AR
capabilitics.

Both simulators were bascd on a dual-chamber sputtering system in the university clcanroom
facility. The sputtering system was modcled using a computer-aided design (CAD) program and



mmported into a Unity-based development framework. Custom interaction logic was implemented
using Unity in conjunction with OpenXR and Microsoft XR toolkits to make the simulator
cxpcerience and support multi-platform functionalitics. The VR version of the simulator was
deployed on a Meta Quest headset tethered to a laptop (Figure 2a), while the AR version of the
simulator was deployed on a Microsoft HoloLens headset running independently (Figure 2b).

Figure 2: Equipment used for the simulators. a) An example of the Quest device and laptop used,
and b) a HoloLens with an AJA sputtering system in the background

The simulator guides students through a structurcd, step-by-step representation of the sputtering
process, beginning with entry into the virtual clcanroom cnvironment, where the student will be
mct with thc AJA sputtcring system as scen in Figure 3a. Studcents first attach the substrate to the
holder using a pair of tweezers and load it into the load-lock chamber as pictured in Figurc 3b,
after which the load-lock is scaled. Using a paddlc mechanism, the substratce is transferred from
the load-lock into the main chamber and secured in place. Once the substrate is in position, the
paddle is retracted and the connection between the load-lock and main chamber is closed, as seen
in Figure 3c. The main chamber is then pumped down to the required vacuum conditions, after
which students initiate the sputtering process using the controls in Figure 3d.
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Figurc 3: A general step-by-step of the simulator experience. a) Overview of on-axis portion of
sputtcring machinc; b) Loading arca of sputtcring machinc; ¢) Load-lock and main chamber
conncction; d) Computer and cabinct controls for sputtcring machinc

A total of 13 undergraduate and graduate students enrolled in a George Washington University
ECE 4160/6260 Introduction to Nanoelectronics course participated in the study. Participants had
varying levels of prior experience with XR technologies and differing backgrounds in
nanoelectronics. Participants had varying levels of prior experience with XR technologies and
diflering backgrounds in nanoelectronics. All participants possessed a baseline understanding of
the relevant context provided by the courses in which (they were enrolled. Participants were
randomly assigned to groups to determine their scheduled time slots for use of the AR or VR
experience. All participants had the opportunity to utilize both the AR and VR experiences, with
the AR experience limited to 15 minutes per student, while the VR experience could be used by
each student for up to 45 minutes. Instructions were given within the VR and AR experience;
however, instructors were also available to assist students when they had additional questions.

Data Collection

Data was collccted using a pre- and post-simulation questionnaire to capturc participants’ prior
cxpcricnce, perceptions, and learning outcomes associated with both the AR and VR training
cnvironments. Participants complcted a pre-simulation questionnairce to asscss bascline
familiarity with cleanroom equipment and protocols, prior experience with gaming and XR
devices, and previous use of the vFabLab simulator in class. Demographic information was
collected, including academic year and program of study. Susceptibility to motion sickness or
nausea was also a particular focus during this portion of the questionnaire.



After complcting the XR training, participants completed a post-simulation questionnaire that
cvaluatcd multiple aspccts of the AR and VR cxpcriences. Quantitative items included:
Frequency of motion sickness or nausea experienced during AR and VR. Preference for VR
movement methods (real-world motion vs. game controls) and posture (sitting vs. standing).
Perceived naturalness of movement in AR and VR. Clarity of instructions, visual quality of
virtual elements, and engagement compared with hands-on training. Sel(-reported improvement
in cleanroom procedures and sputlering machine operation. Identilication of areas requiring
improvement (visuals, insiructions, controls)

Qualitative responses were collected through open-ended questions asking participants to explain
their experiences with AR and VR, suggest improvements, and reflect on how each training
modality supported their learning.

Results

Figurc 4 shows thc proportion of participants who rcport cxpericneing motion sickness in real
lifc, the VR simulator and thc AR simulator. Almost half the participants expericnce some level
of motion sickncess in real lifc. A similar pereentage of participants cxpericnce motion sickness in
the simulators, with the severity increasing in the simulators. In the VR environment, the
participants experienced slightly more motion sickness on average, with ~46% reporting some
motion sickness, more often and more severe than the AR experience. For the AR environment,
~38% of users experienced some form of motion sickness, which limited prolonged interaction
[or a select [ew of those individuals. However, il is important Lo point out that the participants
experience less motion sickness in the augmented reality environment. Overall, there is a high
level of correspondence when comparing those who report motion sickness and real life vs. those
who reported motion sickness in the simulator. Improvements have to take into consideration
ways of reducing motion sickness, particularly for participants more predisposed to it.
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Figurc 4: Uscr sclf-reported degree of motion sickness in rcal life vs. proposcd VR/AR
experiences

A key part of the issue with motion sickness and overall usability seems to be related to issues of
controls and visuals. As shown in Figure 5, the majority of the participants provided feedback
that controls should be improved. It was a major problem (or both (the simulators, but overall the
participants [ound the AR controls harder 1o handle. Minor (eedback was offered (or visuals and
instructions. Participants provided more detailed feedback in open-ended questions.

Number of Participants

Controls Visuals Instructions Other
XR Experience Component

Figure 5: Participant feedback on which portion of the simulator they felt needed improvement



In the open-ended portion of the survey, the participants reportcd gencrally positive cxpericnees
with both thc AR and VR clcanroom simulations, although cach modality cxhibitcd distinct
advantages and limitations. The VR cxpcrience was broadly well-rcceived. Participants
emphasized the value of the one-to-one replication of the physical lab, which allowed safe,
repeated practice of cleanroom procedures. Controls relying on button presses were intuitive,
though minor usability issues were reported, including difticulty with door operations and object
placement. Visual (idelity was generally higher than in AR, although occasional blurriness was
observed. Several participanis experienced motion sickness. Recommendations (or improvement
included more explicit instructional cues, enhanced visual feedback, and integrated task tracking.

The participants highlighted the immersive nature ot the AR environment, particularly the
hand-tracking interactions, which facilitated engagement with procedural tasks. Instructor
guidance was noted as important for effectively navigating the simulation. Participants identified
challenges related to visual clarity and fine motor control, especially when manipulating wafers
with tweezers. Suggestions for improvement included implementing a virtual floor or recovery
mcchanism for droppcd objects, as well as a task checklist to monitor procedural progress.

Across all participants, scveral recurrent themes ecmerged: the importance of instructor support,
c.g., “Having someone along with us to explain the process was very helpful.”, thc ncced for task
monitoring and error recovery mechanisms, and the trade-off between immersion and usability.
Motion sickness and occasional control difficulties were identified as limiting factors as users
reported in their feedback, e.g., “Very cool but got too dizzy!”, but overall, XR simulations
otfered practical hands-on learning opportunities that were not feasible with traditional
computer-based simulations alone.

While the in-person training was consistently regarded as the most effective modality for
learning, the VR and AR were perceived as valuable supplements. According to users, VR
closely approximated the in-person experience, allowing procedural practice in a controlled
environment, while AR primarily supported spatial orientation and interactive engagement.
Participants indicated that combining in-person instruction with XR simulations provided the
most comprehensive learning experience. Repetition across modalities was frequently cited as
critical for reinforcing procedural knowledge and building confidence. 75% of participants
indicated that thcy would be nterested in future clcanroom/nanofabrication Iecarning expericnees
m VR/AR.

Discussion
The findings of this study reinforce prior work suggesting that extended reality (XR)

technologies function most effectively as complementary tools rather than replacements for
hands-on laboratory training in nanoelectronics and cleanroom education[2], [3], [7]. While



m-pcrson instruction remains cssential for developing fine motor skills and procedural precision,
the results indicate that XR environments, particularly virtual rcality (VR), can meaningfully
support pre-laboratory preparation by familiarizing students with cquipment layouts, proccss
sequences, and safety protocols. This aligns with earlier studies demonstrating that VR-based
rehearsal can improve learner readiness and confidence before entering physical cleanroom
environments [4], [5], [6].

The stronger association between VR use and perceived procedural understanding may be
explained by the modalily’s capacity for high-fidelity spatial replication and repeatable practice.
Prior research has shown that one-to-one virtual reconstructions of laboratory spaces allow
learners to mentally map procedures onto real-world environments, reducing cognitive load
during subsequent physical execution [5], [6]. Additionally, the ability to repeat tasks without
risk or resource constraints has been identified as a key advantage of VR-based cleanroom
training, particularly in settings where access to fabrication facilities 1s Iimited or tightly
scheduled [2], [3]. These characteristics position VR as a particularly effective tool for
procedural familiarization and carly-stage skill development.

In contrast, augmentced reality (AR) appcars to offer strengths that are more closcly aligned with
guided instruction and conccptual reinforcement. Previous studics have shown that AR can
enhance spatial understanding and learner engagement when layered onto physical contexts,
especially when paired with instructor-led activities [9], [11]. However, limitations in visual
resolution and interaction precision have been noted in the literature as ongoing challenges for
AR in laboratory environments, particularly for tasks requiring fine motor control [9]. These
[indings help contextualize the observed need (or instructor support and suggest that AR may be
most effective when integrated into structured, supervised learning scenarios rather than as a
standalone training modality.

Human factors such as motion sickness, usability friction, and interaction fatigue continue to
play a critical role in shaping learner experience across XR platforms. Prior work consistently
identifies simulator sickness as a limiting factor in immersive environments, with implications
for both session length and learning effectiveness [5], [7], [10]. These challenges underscore the
importancc of prioritizing crgonomic design, adjustablc locomotion schemes, and clear feedback
mcchanisms in cducational XR systecms. Dcsign features such as task checklists, crror recovery
options, and objcct resct mechanisms, frequently recommended in the hitcrature, may help
mitigatc these issues and improve overall usability [2], [6].

Several limitations should be considered when interpreting these findings. The study involved a
relatively small sample size (N=13) and relied primarily on self-reported data, which may limit
the generalizability of the results. Additionally, differences in exposure time between AR and VR
experiences may have influenced participant perceptions. Future work will aim to address these



limitations by cxpanding participant cohorts, incorporating an casy-to-acccss XR cxpcrience, and
devcloping morc personalized, guided XR systems to better support individual lcarning necds.

Taken together, these findings support a multimodal instructional model in which XR-based
rehearsal complements traditional instruction rather than attempting to replace it. Previous
research indicates that combining virtual practice with in-person laboratory experiences can
enhance knowledge retention, reduce learner anxiety, and promote smoother transitions 1o
real-world environments [3], [6], [7]. Within the contex! o[ cleanroom education, this blended
approach offers a scalable pathway for addressing training bottlenecks while preserving the
experiential learning benefits of physical laboratories.

Conclusions

This work demonstrates that, when appropriately designed and implemented, a varied selection
of XR simulated environments can provide a meaningful enhancement to common usability
1ssucs found 1n the nanotechnology classroom. The varied XR approach 1s a morc acccssible
cxpcericnee for a wider body of students, as wcll as offcring mitigations to motion sickncss of up
to ~7.7% comparcd with a singlc XR cxpcricnce solution. While XR-bascd instruction is not
positioncd as a replaccment for traditional hands-on laboratory cxpceriencces, the results support
its effectiveness as a supplementary instructional tool, particularly in situations where access to
physical facilities is limited by cost, safety, or availability. The immersive and repeatable nature
of XR simulations enables students to engage with complex nanofabrication concepts in a
structured and low-risk environment. Future work will focus on improving accessibility and
[urther integrating personalized, guided instructional elements to betler support individual
learning needs and strengthen the connection between virtual experiences and physical
laboratory practice.
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