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Abstract
The photoelectric effect, which reveals the emission of electrons from
material when exposed to light, is a foundational experiment in quantum
physics that elucidates the interaction between light and matter. However, the
lack of laboratory equipment and the difficulty of the experiment frequently
prevent its conduct in educational settings. To address these challenges, this
study developed and validated a virtual reality (VR) prototype designed to
simulate the photoelectric effect experiment. The VR tool enables students to
manipulate key variables such as light frequency and intensity, observe
electron emission, and investigate the responses of various metals in
real-time. The study adopted a research and development methodology,
which involved iterative design, development, and validation by a panel of
experts. The prototype was assessed on criteria including accuracy,
educational value, and usability. The results indicate that the VR prototype
accurately simulates the photoelectric effect. Validation data confirmed the
educational effectiveness of the tool, which received high ratings for
engagement and visual quality. While VR offers a flexible, scalable, and safe
environment for exploring complex quantum phenomena, it is positioned as a
complementary tool to enhance, rather than replace, traditional laboratory
experiences. This approach is particularly valuable for institutions and high
schools where expensive equipment may not be available. Future work will
focus on expanding the scope of the VR tool to cover additional quantum
experiments and improving user comfort to ensure broader accessibility for
diverse educational settings.
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1. Introduction
Experiments are fundamental to the field of phys-
ics, serving as a bridge between theoretical con-
cepts and practical applications [1, 2]. Through
experimentation, students can observe physical
phenomena directly and test and validate sci-
entific principles [3, 4]. Experimentation can also
strengthen students’ understanding of theoret-
ical knowledge and develop critical thinking and
problem-solving skills that are integral to the sci-
entific inquiry process [5, 6]. By participating in
the scientific method, students gain experience in
formulating hypotheses, designing experiments,
collecting and analysing data, and drawing mean-
ingful conclusions [2, 7, 8]. Beyond educational
purposes, experiments are critical for advancing
the field of physics, as they provide empir-
ical evidence to support or challenge existing
theories [1].

Despite the critical role of experimentation
in physics education, there are significant chal-
lenges in conducting experiments, particularly
those involving complex quantum phenomena
such as the photoelectric effect [9–11]. The pho-
toelectric effect, which illustrates the emission
of electrons from a material when exposed to
light, is a foundational experiment in quantum
mechanics [12, 13]. This experiment is crucial
for understanding the dual nature of light and
the quantisation of energy, yet it can be difficult
to teach using conventional classroom resources.
Traditional methods often fall short of effectively
engaging students and conveying the complexity
of the phenomena, largely due to limited laborat-
ory equipment and the abstract nature of quantum
concepts [9–11].

In recent years, innovative technologies like
virtual reality (VR) have emerged as power-
ful tools for addressing the limitations of tradi-
tional physics education. VR offers immersive and
interactive environments that allow students to
explore scientific phenomena more engaging and
experientially [14, 15]. While VR is not inten-
ded to replace real-world experiments, it serves

as a practical alternative for settings where tra-
ditional laboratory equipment is unavailable. By
creating virtual laboratories, VR enables students
to conduct experiments that would otherwise be
difficult, expensive, or even dangerous to per-
form in a physical setting [16–18]. For example,
VR simulations of the photoelectric effect allow
students to manipulate variables such as light
intensity and frequency, observe the resulting
electron emissions, and measure the energy of
emitted electrons. This hands-on interaction with
the experiment facilitates a deeper understand-
ing of key quantum mechanics concepts such as
energy quantisation and the threshold for electron
emission [13, 19].

Moreover, VR technology provides a plat-
form for visualising abstract concepts and con-
ducting thought experiments that are central to the
study of physics [18]. Through immersive simula-
tions, students can explore the quantum phenom-
ena that are challenging to conceptualise using
traditional teaching methods [20]. By engaging
with these simulations, students are not only able
to visualise complex ideas but also to experi-
ment with them in a virtual space, thereby rein-
forcing their understanding through active parti-
cipation and experimentation [17]. In addition to
enhancing conceptual understanding, VR techno-
logy has been shown to improve students’ engage-
ment and motivation in physics courses. Studies
have demonstrated that students who participate
in VR-based learning activities are more likely
to develop a deeper interest in the subject mat-
ter, as the immersive nature of VR fosters curios-
ity and a sense of discovery [21]. This increased
engagement is particularly important in the con-
text of teaching complex topics like the photoelec-
tric effect, where traditional instructional methods
may struggle to capture students’ attention or con-
vey the intricacies of the phenomena.

While the benefits of VR in physics educa-
tion are well-documented, there remain signific-
ant gaps in the literature regarding the develop-
ment and validation of specific VR prototypes for
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teaching complex quantum phenomena like the
photoelectric effect. Most existing studies have
focused on the general advantages of VR in educa-
tion, such as increased engagement and improved
learning outcomes [14, 15, 17, 22], but there is a
lack of detailed research on how VR can be spe-
cifically tailored to enhance the teaching of the
photoelectric effect [19, 23]. Another gap in the
literature concerns the validation of VR proto-
types in educational settings. While some stud-
ies have developed VR simulations for physics
education, few have conducted rigorous valida-
tion studies to assess their effectiveness in real
classroom environments [24, 25]. Validation is
essential to determine whether VR simulations
can reliably replicate the outcomes of traditional
laboratory experiments and whether they can be
integrated into the physics curriculum to comple-
ment and enhance existing teaching methods.

The purpose of this study is to design and val-
idate a VR prototype specifically for simulating
photoelectric effect experiments. This research
aims to provide an immersive, interactive learn-
ing environment that replicates traditional experi-
mental conditions while also improving students’
conceptual understanding and engagement. By
focusing on the development and educational val-
idation of this VR tool, the study seeks to contrib-
ute to ongoing efforts to innovate physics educa-
tion by integrating cutting-edge technology. The
findings of this research will help fill the current
gaps in the literature and offer new insights into
the effectiveness of VR as a teaching tool for com-
plex quantum phenomena.

2. Photoelectric experiments
The photoelectric effect has played a pivotal
role in shaping our understanding of quantum
mechanics and the photon model of light. First
explained by Albert Einstein in 1905, the phe-
nomenon involves the emission of electrons from
a metal surface when illuminated by light of suf-
ficient frequency [26]. This effect challenged the
classical wave theory of light, which could not
account for the observed relationship between
light frequency and electron emission. Einstein’s
work not only validated the particle nature of
light but also contributed to the development of
quantum theory.

The fundamental observation in the photo-
electric effect is that when light of a certain
frequency strikes a metal surface, it causes the
emission of electrons. However, the frequency of
the incident light must exceed a threshold value
known as the threshold frequency (νo). If the
light’s frequency is below this threshold, no elec-
trons will be emitted, regardless of the intensity of
the light. This finding starkly contrasts with clas-
sical wave theory, which predicted that the energy
transfer to electrons should depend solely on light
intensity [27]. The photoelectric effect, therefore,
provides strong evidence for the quantisation of
light energy, demonstrating that the energy of
light is carried in discrete packets or photons. The
following equation can express Einstein’s formu-
lation of the photoelectric effect:

eVs = hv−ϕ. (1)

In this equation, e represents the elementary
charge, Vs is the stopping potential required to
prevent the most energetic photoelectrons from
reaching the anode, h is Planck’s constant, ν is the
frequency of the incident light, and ϕ is the work
function of the metal. The work function, ϕ, rep-
resents the minimum energy required to release an
electron from the metal surface. When a photon
with energy E = hν strikes the metal, it transfers
its energy to an electron, allowing the electron to
overcome the binding energy of the metal. The
excess energy manifests as the kinetic energy of
the emitted electron, expressed as:

KE= eVs = hv−ϕ. (2)

Equation (2) shows that the kinetic energy of
the emitted electrons depends solely on the fre-
quency of the incident light rather than its intens-
ity. It highlights the quantum mechanical nature
of the interaction between light and matter, as
the energy of the photons—and thus the kinetic
energy of the electrons—is directly proportional
to the light frequency. A typical experimental
setup for investigating the photoelectric effect
involves directing monochromatic light onto a
metal surface within a vacuum tube. As shown
in figure 1, a monochromator isolates specific
wavelengths from a light source, such as a mer-
cury lamp.
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Figure 1. Schematic of the photoelectric effect
experiment.

The stopping potential, Vs, is then meas-
ured for each wavelength to determine the kin-
etic energy of the emitted electrons. By plotting
the stopping potential against the frequency of the
light, key parameters such as the threshold fre-
quency νo, the work function ϕ, and Planck’s con-
stant h can be determined.

vo =
∅
h
. (3)

This relationship enables the precise calcu-
lation of the work function ϕ from experimental
measurements of the threshold frequency νo, fur-
ther reinforcing the quantised nature of light and
the photon theory proposed by Einstein.

3. Method

3.1. Research design

This study adopted a research and development
(R&D) approach to design and validate a VR pro-
totype for conducting photoelectric effect exper-
iments in educational settings. The R&D meth-
odology was selected due to its iterative nature,
allowing for continuous prototype refinement
through multiple design, development, testing,
and validation cycles [28]. This process assures
the adequacy of both technical and educational
aspects of the end product, which makes it useful
and efficient for classroom purposes.

3.2. Design stages

The first stage of the design process involved
conducting a comprehensive needs analysis. Data

were collected through interviews with phys-
ics educators and direct observations of existing
laboratory practices. This analysis revealed sev-
eral key challenges in teaching the photoelec-
tric effect, including limited access to experi-
mental equipment, safety concerns, and students’
difficulty grasping abstract quantum phenomena.
These findings shaped the design requirements
for the VR prototype, ensuring that the tool was
tailored to meet the specific needs of physics edu-
cators and students.

Following the needs analysis, the develop-
ment of the VR prototype began with the use of
Unity 3D software. Unity 3D was chosen for its
flexibility in creating interactive and immersive
simulations and its compatibility with various VR
hardware. The design of the prototype focused on
simulating the key components of the photoelec-
tric effect experiment, including photon-electron
interactions, the ability to manipulate variables
such as light frequency and intensity, and an intu-
itive user interface that facilitates user interaction.
The development of a VR prototype aimed to cre-
ate a realistic and engaging virtual environment
that closely mirrors traditional laboratory experi-
ments while also providing additional interactive
features.

Once the initial prototype was completed,
preliminary testing was conducted to evaluate its
basic functionality. This phase involved check-
ing the accuracy of the simulation, the respons-
iveness of the user interface, and the overall usab-
ility of the tool. This accuracy refers to the simula-
tion’s fidelity to theoretical models and equations,
rather than its alignment with experimental data
from physical systems. Feedback from initial test-
ing informed further refinements to the prototype.
This stage was critical for ensuring the VR tool
met the basic requirements before proceeding to
more rigorous validation processes.

3.3. Validation stage

The validation process was a critical component
of the study, as it assessed both the educational
and technical effectiveness of the VR prototype
[28]. A panel of three experts, including two
quantum physics specialists and one educational
practitioner, was assembled to evaluate the pro-
totype. The experts assessed various aspects of
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the VR tool, including the accuracy of the pho-
toelectric effect simulation, the educational value
of the content, the usability of the user interface,
and the overall suitability of the tool for classroom
teaching.

Data for the validationwere collected through
questionnaires and open-ended feedback forms,
which allowed the experts to provide detailed
evaluations of each criterion. The iterative design
process continued during this stage, as the feed-
back from the experts was used to refine the
prototype further. This process ensured that the
VR tool’s final version was accurate in its sci-
entific representation and effective as an educa-
tional resource. The expert panel provided pos-
itive feedback on the accuracy and educational
value of the VR simulation with some suggestions
on user engagement and reducing motion sickness
effects during extensive use.

4. Results

4.1. Design of the VR prototype

This study developed a VR prototype designed
to simulate the core components of the photo-
electric effect experiment. The primary aim was
to provide students with an immersive, interact-
ive experience that mirrors real-world laboratory
setups. The VR simulation allows users to interact
with and visualize the simulated emission of elec-
trons under various conditions by adjusting the
frequency and intensity of light. Users can record
the corresponding results and analyse the relation-
ships between variables such as photon energy,
work function, and electron emission. It is import-
ant to note that these visualizations represent the-
oretical behaviours modelled within the simula-
tion, rather than empirical observations of phys-
ical phenomena. The main interface of the VR
simulation replicates a typical experimental setup,
as shown in figure 2, allowing users to adjust vari-
ables and visualise results in real time.

4.2. The effect of metal types on threshold
frequency

One of the most notable features of the VR pro-
totype is its ability to simulate the behaviour of
25 different metals, each with a specific threshold

Figure 2. The main view of the VR prototype for the
photoelectric effect experiment.

Figure 3. Selectable metal display in photoelectric
effect experiment with VR.

frequency. The threshold frequency is the min-
imum light frequency required to eject electrons
from a metal surface. If the frequency of the
light is below this threshold, no electrons are
emitted, regardless of the intensity. This fea-
ture allows students to investigate how differ-
ent materials respond to varying light frequencies
and wavelengths. This reinforces a fundamental
principle of quantum physics: electron emission
is frequency-dependent, not intensity-dependent.
Figure 3 shows examples of metals that can be
selected in the developed VR prototype.

Table 1 presents simulation results for five
metals, illustrating the variation in work func-
tions, threshold frequencies, and wavelengths
among them. The results highlight how each
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Table 1. Simulation results of the photoelectric effect experiment with VR for selected metals.

Type of metal
Threshold

wavelength (nm)
Threshold

frequency (Hz) Work function (eV)

Sodium (Na) 540 5.55 × 1014 2.29
Calcium (Ca) 428 7.01 × 1014 2.90
Zinc (Zn) 291 1.03 × 1015 4.26
Copper (Cu) 265 1.13 × 1015 4.67
Platinum (Pt) 196 1.53 × 1015 6.33

metal’s work function determines its distinct
response to incident light. Sodium (Na), for
example, has a low work function of 2.28 eV,
corresponding to a threshold frequency of
5.55 × 1014 Hz and a threshold wavelength of
540 nm. In contrast, platinum (Pt) has a much
higher work function of 6.35 eV, requiring a
threshold frequency of 1.53 × 1015 Hz and a
threshold wavelength of 196 nm for electron
emission. These results demonstrate the VR tool’s
accuracy in representing the theoretical behaviour
of different metals and provide an interactive
platform for students to explore the relationship
between photon energy, work function, and elec-
tron emission.

4.3. Dependence of electron kinetic energy
on light frequency

The VR simulation also allows students to invest-
igate the relationship between the kinetic energy
of emitted electrons and the frequency of incid-
ent light. In this experiment, the frequency of
the light is increased while keeping the intensity
constant. The simulation results clearly showed
that once the light frequency exceeds the metal’s
threshold, the kinetic energy of the emitted elec-
trons increases proportionally with the frequency.
This relationship between frequency and kinetic
energy is consistent with Einstein’s equation for
the photoelectric effect, which predicts that the
kinetic energy of emitted electrons is directly pro-
portional to the frequency of the incident photons.

The stopping potential plays a crucial role
in understanding this relationship. The stopping
potential is the voltage required to bring the kin-
etic energy of the emitted electrons to zero. The
magnitude of this stopping potential is directly
related to the kinetic energy of the electrons.

Figure 4. Comparison before and after the applic-
ation of stopping potential in a photoelectric effect
experiment.

As the frequency of the incident light increases,
the kinetic energy of the emitted electrons also
increases, requiring a higher stopping potential to
halt them. Therefore, the stopping potential is a
measure of the maximum kinetic energy of the
emitted electrons. Figure 4 provides a detailed
representation of the stopping potential experi-
ment through two comparative snapshots, high-
lighting the conditions before and after applying
the stopping potential. This visual elucidates the
relationship between the incident light frequency
and the kinetic energy of emitted electrons in the
photoelectric effect.

As we can see in figure 4(a), the experimental
setup is depicted before the application of any
stopping potential. The voltage is set at 0 V, allow-
ing the emitted electrons to travel unimpeded to
the detector. The intensity of the light source is
maintained at 0.66, while the frequency of the
incident light is recorded at 1.19 × 1015 Hz, cor-
responding to a wavelength of 250.89 nm. Under
these conditions, the current flow is observed at
10.5 µA, indicating that electrons are emitted and
detected due to the incident light’s energy sur-
passing the material’s work function. However,
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Table 2. Variations in light frequency and kinetic energy for caesium.

Threshold
wavelength (nm)

Threshold frequency
(×1014 Hz)

Stopping
potential (V)

Maximum kinetic
energy (eV)

650 4.61 0.00 0.00
600 5.00 0.13 0.13
550 5.45 0.31 0.31
500 6.00 0.54 0.54
450 6.67 0.82 0.82

in figure 4(b), after applying a stopping poten-
tial of 0.847 V, the electron emission process
undergoes a significant change. The current read-
ing drops to 0 µA, signifying that the applied
voltage is sufficient to halt the kinetic energy
of the emitted electrons. The intensity and fre-
quency of the light source remain constant, as
does the wavelength. However, the cessation of
the current indicates that the stopping potential
has fully countered the energy of the emitted elec-
trons, thereby preventing them from reaching the
detector. Thus, figure 4 provides a clear example
of how stopping potential directly influences the
detection of emitted electrons. The comparison
between the two states—before and after apply-
ing the stopping potential—demonstrates the fun-
damental principles underlying the photoelectric
effect and the calculation of the maximum kinetic
energy of the emitted electrons.

As shown in table 2, which presents the
variations in light frequency and the corres-
ponding kinetic energy of emitted electrons
for caesium, the behaviour of the photoelectric
effect is evident. At the lowest frequency tested,
4.61 × 1014 Hz, no electrons were emitted, as
the energy provided by the photons was insuffi-
cient to overcome the work function of caesium.
This is consistent with the concept of a threshold
frequency—below this frequency, the energy of
the incident photons is too low to eject elec-
trons from the metal surface. However, electrons
began to be emitted once the frequency exceeded
5.00 × 1014 Hz, which is above the threshold
frequency for caesium, as indicated by the non-
zero stopping potential. Table 2 shows that as
the frequency increases, the stopping potential
and the maximum kinetic energy of the elec-
trons also increase. For example, at a frequency
of 6.67 × 1014 Hz, the stopping potential reaches

0.82 V, corresponding to a kinetic energy of
0.82 eV for the emitted electrons. This demon-
strates the direct relationship between the incident
light frequency and the emitted electrons’ kinetic
energy, per the photoelectric effect theory.

4.4. Effect of light intensity on electron
emission

The VR prototype also allows students to explore
how varying light intensity affects the num-
ber of emitted electrons. In this set of exper-
iments, the light frequency was kept constant
above the threshold while the intensity was var-
ied. The results show that as the intensity of the
light increases, the number of emitted electrons
increases proportionally, as reflected by a rise in
photocurrent. However, the kinetic energy of the
electrons remained constant across all intensity
levels. This finding demonstrates theoretical con-
sistency with the quantum mechanical principle,
that the kinetic energy of the emitted electrons
is determined by light frequency, not intensity.
Table 3 presents caesium data, demonstrating how
photocurrent increases with light intensity while
the stopping potential remains constant.

As shown in table 3, the photocurrent
increases as the light intensity is raised from 20%
to 100%, reflecting a greater number of emit-
ted electrons. However, the stopping potential
remains unchanged at 1.16 V across all intens-
ity levels, which confirms that the energy of the
electrons depends only on the frequency of the
light and not on its intensity. These experimental
results support the quantum theory of light, par-
ticularly the idea that the kinetic energy of emit-
ted electrons is proportional to the frequency of
the incident photons, while the number of elec-
trons emitted is directly related to light intensity.
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Table 3. Variations in light intensity at constant frequency for caesium.

Light intensity (%) Photocurrent (µA)
Stopping

potential (V)
Kinetic

energy (eV)

20 0.4 1.16 1.16
40 0.8 1.16 1.16
60 1.2 1.16 1.16
80 1.6 1.16 1.16
100 2.0 1.16 1.16

Thus, this VR simulation provides an effective
and interactive way to demonstrate the principles
of the photoelectric effect experiment.

4.5. Validation results

The validation results of the VR prototype for
photoelectric effect experiments were compre-
hensively assessed after incorporating revisions
based on initial feedback from validators. The
process involved ten participants, comprising five
experts (physics specialists and educational tech-
nology researchers) and five practitioners (experi-
enced physics teachers). The validators evaluated
the tool across multiple dimensions, including
technical accuracy, usability, educational value,
and its suitability for classroom implementation.
Table 4 shows the key comments from validators
and the corresponding revisions implemented.

Then after the initial validation by experts
and practitioners, the author made revisions and
returned to further validation. The second result
as the final validation can be seen in table 5.

As we can see in table 5, the VR prototype
demonstrated exceptional performance in key
areas, with accuracy (Mean = 4.80, SD = 0.42)
and visual quality (Mean = 4.80, SD = 0.42)
receiving the highest ratings. Validators consist-
ently highlighted that the simulation closely aligns
with theoretical principles, particularly Einstein’s
photoelectric equation, while presenting the phe-
nomena in an engaging and visually effect-
ive manner. One expert remarked, ‘The simula-
tion accurately represents photon-electron inter-
actions and provides a clear visualization of
quantum principles, making it highly valuable for
educational purposes.’

Usability and engagement also scored highly,
with validators commending the inclusion of

step-by-step tutorials and interactive features such
as quizzes and checkpoints. These additions
addressed prior feedback regarding the tool’s ini-
tial learning curve and enhanced its effectiveness
in fostering active student participation. As one
practitioner noted, ‘The interactive quizzes are an
excellent addition, allowing students to consolid-
ate their understanding while engaging with the
simulation.’

Despite these strengths, some challenges
remain. The extent to which the VR tool ensures
physical comfort, particularly in mitigating
motion sickness, received a lower mean score
of 3.90 (SD = 0.57). Validators observed that
while smoother transitions and refined motion
dynamics reduced discomfort, some users still
experienced minor dizziness during extended use.
Furthermore, the cost analysis for implementa-
tion and maintenance (Mean = 4.20, SD = 0.42)
highlighted concerns about financial feasibility
for institutions with limited budgets. These areas
warrant further exploration in future iterations of
the VR tool.

5. Discussion
One of the major challenges in teaching phys-
ics, particularly quantum mechanics, is the dif-
ficulty of conducting real-life experiments due
to limited access to laboratory equipment, safety
concerns, and the high cost of maintaining soph-
isticated experimental setups [9, 17]. This study
demonstrates that VR can address these chal-
lenges by providing a virtual laboratory envir-
onment where students can engage with con-
cepts that are otherwise inaccessible. The abil-
ity to simulate different metals and manipulate
variables such as light intensity and frequency
offers students a broader and more comprehensive
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Table 4. Validator comments and revisions implemented for VR prototype validation.

No Key comment from validators Revisions implemented

1 The simulation is accurate in depicting
the photoelectric effect. However, the lack
of detailed initial instructions may
discourage new users

A step-by-step procedure manual was created to guide
users through the VR tool, ensuring that both novice
and experienced users can effectively navigate the
simulation. The tutorial includes visual and textual
instructions covering key functionalities, such as
adjusting light frequency and intensity, observing
electron emissions, and analysing results

2 The visual design is appealing, but
motion sickness may occur during
prolonged use

Visual transitions were optimized to reduce rapid
movements, and smoother motion dynamics were
implemented to minimize motion-related discomfort.
Additional adjustments included calibrating animations
to be less abrupt while maintaining engagement

3 The simulation should include
photocurrent behaviour when the applied
stopping potential is high

A new feature was added to simulate photocurrent
behaviour, including scenarios where the stopping
potential prevents electrons from reaching the detector.
This update enhances the realism of the simulation,
reinforcing theoretical concepts such as the relationship
between stopping potential and photocurrent.

4 The tool is easy to navigate, but
compatibility with a wider range of
devices should be considered

Compatibility testing was expanded to include various
VR hardware and PC configurations, ensuring the tool
can operate on a broader range of devices. This
improvement addresses accessibility concerns and
allows for wider adoption across educational
institutions

5 Add the ability to test multiple metals
with different threshold frequencies

The prototype now includes a selection of metals with
varying threshold frequencies, allowing students to
explore how different materials respond to changes in
light frequency and intensity.

learning experience. However, VR is not inten-
ded to replace traditional laboratory experiments
but rather to complement them by offering a
safe, scalable, and cost-effective alternative for
specific scenarios. This approach is particularly
valuable for institutions in developing countries
where expensive equipment may not be available.
Additionally, senior high schools, which often
include the photoelectric effect in their physics
curriculum, can benefit from this tool to help stu-
dents visualize and understand the theory des-
pite lacking laboratory resources for hands-on
experimentation.

The results align with prior research, which
has highlighted the benefits of using VR to simu-
late complex experiments in educational contexts
[13, 16, 17]. For instance, VR allows students
to perform multiple iterations of an experi-
ment without the risk of damaging equipment
or incurring additional costs. Additionally, the

immersive nature of VR enables students to exper-
iment with potentially hazardous scenarios—such
as manipulating high-frequency light—without
any physical risk. This enhances safety and allows
educators to introduce a wider range of experi-
mental conditions that would be difficult to rep-
licate in a traditional laboratory setting.

As demonstrated by this study, one of the
primary advantages of using VR in education is its
ability to provide an immersive learning environ-
ment that allows students to explore complex sci-
entific concepts through active experimentation.
The VR prototype developed for the photoelectric
effect offers students the opportunity to manipu-
late variables such as light frequency and intensity
in a highly interactive manner. Through this simu-
lation, users can directly observe and explore how
changes in these variables affect electron emis-
sion, thereby investigating their alignment with
quantum mechanical principles. This hands-on
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Table 5. The validation results of the VR prototype for photoelectric effect experiments.

No Statements
Validation
score mean

Standard
deviation

1 The accuracy of the VR simulation in representing the
photoelectric effect

4.80 0.42

2 Ease of use and navigation within the VR environment 4.40 0.52
3 The effectiveness of VR in helping students understand

the concept of the photoelectric effect
4.60 0.52

4 Suitability of VR for classroom teaching 4.40 0.52
5 The degree to which VR allows active user interaction 4.40 0.52
6 The ability of VR to engage students in learning 4.60 0.52
7 Alignment of VR content with the physics curriculum 4.70 0.48
8 Visual quality and the effectiveness of VR in depicting

concepts visually
4.80 0.42

9 Ease of installation and configuration of VR 4.40 0.52
10 Compatibility of the VR prototype with various

devices (computer, VR headset, etc)
4.50 0.53

11 The extent to which VR ensures the physical safety and
health of users, including motion sickness prevention
features

3.90 0.57

12 The ability of VR to support various learning methods 4.30 0.48
13 The flexibility of VR to adapt to different learning

needs
4.30 0.48

14 Effectiveness of VR in utilising learning time,
including the time required to complete experiments

4.50 0.53

15 Cost analysis for implementing and maintaining VR in
an educational setting

4.20 0.42

approach not only bridges the gap between the-
oretical concepts and practical understanding but
also addresses limitations often found in tradi-
tional teaching methods. Furthermore, this inter-
active approach aligns with previous studies,
which have shown that VR technology improves
students’ comprehension of abstract scientific
concepts by offering a more experiential form of
learning [14, 15, 18].

Moreover, the simulation results, particularly
those related to the kinetic energy of electrons as
a function of light frequency, directly reinforce
key theoretical concepts in quantum mechanics.
The findings confirm Einstein’s equation for the
photoelectric effect, demonstrating the propor-
tional relationship between light frequency and
the kinetic energy of emitted electrons. These res-
ults provide tangible evidence of the quantum
nature of light, a concept that can be difficult
for students to grasp through theoretical instruc-
tion alone. Similar studies have noted that VR
simulations help bridge the gap between theory
and practice, enabling students to visualise and

experiment with phenomena that are otherwise
challenging to teach using conventional methods
[17, 20].

The results of the study showed that the
immersive and interactive nature of VR has
been shown to capture students’ attention more
effectively than traditional instructional tech-
niques, leading to higher levels of motivation
and curiosity [17]. In the context of teaching
the photoelectric effect, which involves complex
and abstract quantum concepts, keeping students
engaged is critical for successful learning out-
comes. The validation results suggest that stu-
dents are more likely to actively participate in
learning when using the VR tool, as they can
interact with the experiment and explore its out-
comes in real-time. This increased engagement
has broader implications for improving learning
outcomes in physics education. Studies have con-
sistently shown that higher engagement levels
correlate with enhanced retention of informa-
tion and a deeper understanding of complex
topics [29, 30]. By fostering a more active and
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participatory learning environment, the VR pro-
totype developed in this study could help educat-
ors overcome some of the persistent challenges
in teaching advanced physics topics, such as the
photoelectric effect and quantum mechanics in
general.

The validation process conducted by the
expert panel confirmed that the VR prototype is
both technically accurate and educationally valu-
able. The high accuracy, ease of use, and visual
quality scores indicate that the simulation reliably
represents the photoelectric effect. This is cru-
cial for ensuring the tool can be integrated into
physics curricula to complement or replace tra-
ditional laboratory experiments. However, con-
cerns regarding motion sickness and prolonged
use of the VR headset highlight the need for fur-
ther refinement, particularly in addressing user
comfort.

Although some limitations were identified,
such as the potential for motion sickness during
extended use, these issues are not insurmountable.
Implementing proper usage guidelines, such as
limiting session duration and ensuring ergonomic
headset design, could mitigate these concerns.
Moreover, cost analysis revealed that while VR
systems may involve an initial investment, their
long-term benefits—such as reducing the need
for expensive physical equipment and providing a
safer learning environment—could outweigh the
costs, making VR a sustainable educational tool
in the long run.

6. Conclusion
This study presents the development and valid-
ation of a VR prototype designed to simulate
the photoelectric effect experiment. The results
demonstrate that the VR prototype accurately
replicates the conditions of real-world laborat-
ory experiments while offering additional flex-
ibility and safety. By simulating the behaviour
of different metals and enabling the exploration
of key quantum mechanics principles, the VR
tool provides a valuable educational resource that
is both engaging and effective. Its potential for
enhancing student motivation and participation
was further confirmed through expert validation,
with high ratings for accuracy, educational value,
and user engagement.

The novelty of this work lies in its ability
to provide students with an immersive, interact-
ive platform where they can manipulate critical
variables such as light frequency and intensity,
observe electron emissions, and engage directly
with complex quantum phenomena. The signi-
ficance of this work extends beyond the imme-
diate benefits of improved understanding of the
photoelectric effect. The VR prototype addresses
broader issues in physics education, such as lim-
ited access to laboratory equipment, safety con-
cerns, and the challenges of teaching abstract sci-
entific concepts. This technology offers a long-
term solution to these persistent barriers in physics
instruction by providing a scalable and adaptable
virtual environment.

Looking forward, future work will focus on
expanding the scope of the VR tool to cover
additional experiments and quantum phenomena,
as well as improving user interaction and com-
fort to reduce potential motion sickness. There is
also scope for integrating the VR prototype into
broader educational frameworks, allowing it to
complement traditional laboratory practices and
enhance the overall learning experience in phys-
ics education. Further research could explore the
long-term impacts of VR-based learning on stu-
dent outcomes and its adaptability to different
learning styles and curricula.
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