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Abstract

This study evaluates the content validity of Augmented Reality (AR) flashcards for teaching Fluid Dynamics using
a mixed-methods approach. Ten physics experts assessed 50 items across five dimensions. Validity was
measured using Lawshe’s Content Validity Ratio (CVR; threshold =0.80), Gwet’'s AC1 for inter-rater agreement,
and bootstrap sensitivity analysis. All items met statistical validity criteria: 92% achieved perfect agreement (CVR
=1.00) and 8% met the threshold (CVR = 0.80). The overall mean CVR was 0.98 (95% CI: 0.97—-1.00), with Gwet’s
AC1 = 0.98, indicating excellent expert consensus. Sensitivity analysis confirmed result stability despite the limited
panel. Qualitative feedback guided iterative improvements to visual design and equation annotations. The
instrument demonstrates robust, methodologically sound content validity and is highly suitable for evaluating
immersive physics learning tools. The combined CVR, AC1, and sensitivity framework is recommended as a
standard for validating technology-enhanced educational media.

Keywords: Content Validity Ratio (Cvr); Augmented Reality Flashcards; Fluid Dynamics; Instrument Validation;
Physics Education; Educational Technology

INTRODUCTION

Teaching physics on the topic of fluid dynamics still faces significant challenges regarding
students’ conceptual understanding. Studies indicate that misconceptions regarding fluid dynamics
remain prevalent due to a lack of learning materials that interactively visualize abstract processes (Tiara
Ganish et al., 2025). Students’ limited ability to use multiple representations when explaining fluid
dynamics poses a major obstacle to developing comprehensive critical thinking skills (Erlangga et al.,
2024). Digital flashcards have emerged as a solution for visualizing these concepts; however, their
effectiveness in stimulating reasoning ability is highly dependent on the precision of message design
and the accuracy of the content presented (Yusuf et al., 2021). Yet, the validity of the development
instruments is often not statistically tested with a strong foundation (Sarnita et al., 2025). Based on a
review of articles on physics media development in Indonesia, it was found that the majority of studies
still rely on descriptive validity (e.g., percentage of agreement or average Likert scores) without
converting them to standard statistical critical values (Ridwan et al., 2021).

Content validity is a critical foundation in the development of assessment instruments and
instructional materials. The Content Validity Ratio (CVR) method, developed by Lawshe (1975), is
recommended for quantitatively measuring the degree of expert agreement, particularly when the
number of panelists is limited (Ayre & Scally, 2014). CVR values range from -1 to +1, and the decision
is determined by comparing the calculated results to Lawshe’s critical value table, adjusted for the
number of panelists. The advantage of the CVR over descriptive approaches is its ability to provide an
objective threshold: an item is deemed valid only if expert agreement exceeds the probability threshold
for chance agreement (Nabilah et al., 2025). In this context, the use of CVR provides justification that
expert agreement does not occur due to chance but rather stems from the intrinsic quality of the
developed media (Romero Jeldres et al., 2023). The difficulty in quantifying this threshold poses a major
challenge in ensuring message accuracy in immersive technology-based media such as AR, which
involves high cognitive and visual complexity.

The five validation dimensions used in this study (1) Media, (2) Content, (3) Critical Thinking
Skills (CTS), (4) Language, and (5) Design were systematically selected to ensure construct alignment
between AR technology features and the pedagogical objectives of physics. The Media and Design
dimensions are based on Cognitive Load Theory, which emphasizes the reduction of extrinsic cognitive
load through visual hierarchy, interface simplification, and AR navigation ergonomics so that students’
working memory is not burdened by graphical distractions. The Content and Curriculum Dimensions
directly align with the national curriculum and operationalize indicators of higher-order critical thinking
(analysis, evaluation, and synthesis of fluid concepts), ensuring that content validity measures not only
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the accuracy of the content but also the media’s capacity to trigger deep cognitive processing. The
Language Dimension ensures precision in scientific terminology and unambiguous sentence structure,
serving to prevent distortions in understanding caused by linguistic ambiguity that often leads to
misconceptions in physics. The integration of these five dimensions transforms the validation process
from a mere checklist review into an inferential evaluation that tests the alignment between theoretical
constructs, visual representations, and learning objectives.

Although the urgency of statistical validation has been widely discussed, the application of CVR
in the development of physics learning materials in Indonesia remains limited. Many researchers tend
to use Likert scales without referring to clear critical values, resulting in ambiguous validity that is difficult
to defend in scientific forums (Zavira & Sari, 2023). This situation is critical because such weaknesses
risk allowing misconceptions to persist if the materials are used directly without rigorous validation
screening through statistical thresholds (Afifah Aulia Zayrin et al., 2025). Therefore, by applying the
CVR method, researchers can make transparent decisions regarding whether items should be retained,
revised, or discarded based on quantitative evidence (Wahyu Prananto et al., 2022).

This study aims to optimize the validation procedure through rigorous mathematical verification,
to ensure that every item in the AR flashcard media is truly essential and free from panelists’ subjective
bias. Through this approach, it is hoped that the limitations of applying the CVR method in the
development of physics educational media in Indonesia can be addressed. Based on this gap, this
study aims to fill it by conducting rigorous mathematical verification of the content validity of the
flashcard media, thereby producing a learning instrument with scientific legitimacy and high reliability
(Bhakti et al., 2023). With this approach, it is hoped that strong empirical evidence regarding the
suitability of the media will be obtained before it is implemented in actual learning.

However, with the ongoing integration of AR in physics education, there remains a significant
research gap in the rigors statistical validation of this media, particularly in the Indonesian context. Most
existing work focuses heavily on descriptive validity (e.g., average Likert scores or percent agreement),
which lacks the statistical power to rule out chance agreement. Moreover, there are few studies that
adopt a combination of multiple robust statistical metrics to validate immersive media.

However, with the ongoing integration of AR in physics education, there is a big research gap
in the rigorous (sebelumnya: rigors) statistical validation of this media, especially in the Indonesian
context. Most of the existing work has focused heavily on descriptive validity (e.g., average Likert scores
or percent agreement), which lacks the statistical power to rule out chance agreement. Also, few studies
use a combination of multiple robust statistical metrics to validate immersive media. The novelty of the
current study is the integrated validation framework. This study is the first to combine Lawshe’s Content
Validity Ratio (CVR) to ascertain essentiality of items, Gwet's AC1 to avoid prevalence bias in inter-
rater agreement and bootstrap sensitivity analysis to verify the stability of results despite small expert
panel. This multi-method statistical approach provides a more defensible, objective, and replicable
standard for validating technology-enhanced educational media, ensuring that the AR flashcards are
not only visually engaging but also pedagogically and cognitively sound.

METHOD

This study is an instrument validation study that forms part of a research and development
project. The primary focus of this study is to test the content validity of digital flashcards on fluid
dynamics material prior to conducting a pilot test with students. A quantitative approach was used to
objectively measure the degree of expert agreement using Content Validity Ratio (CVR) statistical
analysis (Romero Jeldres et al., 2023). The validators in this study consisted of ten experts (expert
judgment) selected using purposive sampling based on criteria of competence in the fields of physics
education and media development. The expert panel comprised 5 physics education lecturers and 5
high school physics teachers. The selection of exactly 10 panelists was methodologically deliberate to
meet Lawshe’s critical value threshold (CVR = 0.80 at a = 0.05) while balancing theoretical and practical
expertise. This combination of academic and practitioner validators was chosen to ensure the ecological
validity of the media, meaning the media is not only content-accurate but also ready for implementation
(Amelia & Nasution, 2025). The selection of 10 panelists (5 academics and 5 practitioners) was based
on their specific expertise in the field of physics education integrated with Augmented Reality (AR)
technology, which is limited in the local context. This combination of theoretical experts (faculty
members) and implementation experts (teachers) ensures broad content coverage and the ecological
validity of the media, making it ready for implementation in real classrooms.

Research data were collected using a validation sheet systematically designed based on
adapted educational media evaluation standards to capture the panelists' professional assessments.

https://doi.org/10.30599/7vqrzc10


https://doi.org/10.30599/7vqrzc10

38 \ Titian llmu: Jurnal limiah Multi Sciences Vol. 18 No. 2, 2026

The instrument is organized into five main aspects: (1) Media Suitability, (2) Content Suitability, (3)
Critical Thinking Skills, (4) Language, and (5) Media Design. Each statement item uses a dichotomous
scale with two response options: “Essential” (Yes) and “Not Essential” (No). This specific scale was
chosen to facilitate the calculation of the CVR coefficient, which strictly requires categorical data. In
addition to the quantitative assessment, the validation sheet also provided a column for qualitative
suggestions and feedback, which served as the basis for formative revisions to the media components.
Data Analysis Techniques

The Content Validity Ratio (CVR) analysis in this study followed Lawshe’s (1975) procedure to
quantitatively measure the degree of expert agreement on dichotomous data. The CVR value was
calculated using the formula:

CVR=ne-N2N2

Notes:
e CVR= Content Validity Ratio for each item
e ne= Number of panelists who rated the item as “Essential”
e N= Total number of validator panelists (N=10)

The expert rating data were analyzed using the Content Validity Ratio (CVR) formula developed
by Lawshe (1975). The CVR formula is used to measure the proportion of validators who rated an item
as “essential” compared to the probability of agreement by chance (Slater P et al., 2025). CVR values
range from -1.00 to +1.00. The higher the CVR value, the stronger the experts’ agreement that the item
is relevant and representative of the construct being measured. To provide a more comprehensive
picture of inter-rater agreement, Gwet’'s AC1 coefficient was also calculated as a more stable alternative
to Kappa regarding prevalence bias.

Table 1. Item Validity Decision Criteria

Category CVR Criteria Action
Valid CVR 20.80 Item retained without substantial revision

Marginal 0,00 < CVR <0.80 Item requires revision based on qualitative feedback from panelists
Invalid CVR <0.00 Item removed from the instrument

(Romero Jeldres et al., 2023)

RESULTS AND DISCUSSION

Result

1. Construction of the Validation Instrument

Content validity is a fundamental stage in instrument development to ensure that items
represent the construct being measured in a relevant and comprehensive manner (Roy et al., 2023). In
this study, the content validity of Augmented Reality (AR)-based flashcards on Fluid Dynamics was
tested using Lawshe’s (1975) Content Validity Ratio (CVR) method, involving ten expert panelists. This
approach was chosen due to its ability to quantitatively measure inter-expert agreement on dichotomous
data, thereby minimizing the subjective bias often found in conventional descriptive approaches. Based
on the critical value table for the number of panelists (N) = 10 at a significance level of a = 0.05, the
minimum CVR threshold is 0.80. An item is considered statistically valid if the CVR value is = 0.80.

Table 2. Validation Matrix for Augmented Reality-Based Flashcard Media

Aspect Indicator ltem
Media (M) Media Display M1, M2, M3, M4, M5, M6,
M7
Media in Education M8, M9
Student Engagement with Media M10, M11, M12
Material (MT) Curriculum MT1, MT2, MT3
Learning MT4, MT5, MT6
Content MT7, MT8
Interaction MT9
Critical Thinking Skills Providing Simple Explanations CTS1, CTS2, CTS3
(CTS)
Building Basic Skills CTS4, CTS5
Drawing Conclusions CTS6, CTS7, CTS8
Providing Further Explanations CTS9, CTS10
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Developing Strategies and Tactics CTS11,CTS12
Language (L) Readability
L1,L2,L3
Clarity of Information L4
Compliance with Indonesian Language L5, L6
Rules
Effective and Efficient Use of Language L7,L8,L9
Design (D) Presentation Order D1
Cover and Flashcard Content Design D2, D3, D4
Font Usage D5, D6
Layout D7, D8

The validation instrument in Table 2 maps 50 items into five assessment dimensions Media,
Content, Critical Thinking Skills, Language, and Design based on the principle of construct mapping,
which ensures that each indicator is clearly derived from the theoretical construct and operationalized
in @ measurable manner. The proportional distribution of items (9-12 items per aspect) reflects a
multidimensional validation approach to ensure comprehensive evaluation coverage without sacrificing
the depth of assessment in each dimension (Slater & Hasson, 2025).

The application of the construct mapping principle in the development of this instrument
ensures that each item has a strong theoretical foundation, so that the validation results are not merely
descriptive but also provide inferential insights into the overall quality of the media. The relationship
between theoretical constructs and operational indicators in each dimension allows researchers to
specifically identify areas requiring revision, both in technical and pedagogical aspects. This aligns with
contemporary validation approaches that emphasize the importance of alignment between
measurement objectives and the constructs being assessed to produce instruments with adequate
content and construct validity (Nisrina et al., 2022; Setiawan et al., 2024). Thus, this instrument matrix
serves not merely as a checklist, but as an analytical framework that guides a systematic and focused
evaluation process.

In the Media and Design dimension, the inclusion of 9-12 items per aspect allows for an in-
depth assessment of the visual aspects, interactivity, and cognitive ergonomics of AR media. The
visualization of the abstract and dynamic concept of Fluid Dynamics requires accurate graphical
representation and intuitive navigation to avoid overloading students’ working memory. Research by
(Arifta Nurjanah et al, 2024) indicates that suboptimal AR interface design can increase extraneous
cognitive load, which in turn reduces students’ capacity to process essential information. Therefore,
indicators such as layout, font usage, and presentation sequence in this instrument play a strategic role
in ensuring that visual aesthetics remain subordinate to instructional objectives, so that the media is not
only visually appealing but also effective in supporting knowledge construction (Markos Siahaan et al.,
2023).

The dimensions of content and critical thinking skills (CTS) form the core of pedagogical
validation, given that the primary purpose of this media is to facilitate conceptual understanding while
fostering the development of higher-order cognitive competencies. Assessment items covering
curriculum alignment, content depth, and CTS indicators such as drawing conclusions and providing
further explanations are designed to measure the extent to which the media can stimulate meaningful
cognitive activities. Findings (Dewi, P.S., & Kuswanto, 2023) confirm that interactive science media that
integrate critical thinking indicators into their design tend to be more effective in enhancing students’
analytical and evaluative skills regarding physical phenomena. Additionally, linguistic aspects including
readability, clarity of information, and adherence to language conventions form the foundation of
accurate scientific communication; linguistic ambiguity in explanations of fluid concepts risks reinforcing
misconceptions if not rigorously validated from the early development stage (Lopez-Belmonte et al.,
2022).

Holistically, the multidimensional approach in this instrument reflects the modern educational
media evaluation paradigm, which no longer treats technical aspects, content, and cognitive impact as
separate entities. The integration of these five assessment dimensions enables more robust
triangulation of validation data, allowing decisions regarding the media’s suitability to be made based
on comprehensive empirical evidence. (Dewi, P.S., & Kuswanto, 2023) assert that a holistic validation
instrument structured based on construct mapping possesses higher predictive power regarding the
effectiveness of media implementation in real classroom contexts. Thus, the instrument matrix in Table
2 not only meets the methodological standards of development research but also contributes to
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strengthening the theoretical framework for evaluating immersive technology-based learning media in
science education.

2. Content Validity Analysis Based on the Content Validity Ratio
Based on the evaluations of 10 experts, the Content Validity Ratio (CVR) was calculated for each item.
The distribution of CVR values per item and a summary by aspect are presented in Tables 3 and 4

below.
Table 3. Results of the CVR Analysis of the Flashcard Media Validation Instrument
CVR Item Code Total
0.80 M3, M7, MT7, CTS8 4

1.00 M1, M2, M4, M5, M6, M8, M9, M10, M11, M12, MT1, MT2, MT3, MT4, MT5, MT6, 46
MT8, MT9, CTS1, CTS2, CTS3, CTS4, CTS5, CTS6, CTS7, CTS9, CTS10, CTS11,
CTS12,11,L2,L3,L4,L5,L6,L7, L8, L9, D1, D2, D3, D4, D5, D6, D7, D8

Table 4. Summary of CVR Results by Validation Aspect

Validation Aspect Numbers of CVR Average Valid Items Validity
ltems Range CVR (CVR 2 0.80) Percentage
Media 12 0.80 — 0.96 12 100%
1.00
Content 9 0.80 — 0.97 9 100%
1.00
Critical Thinking 12 0.80 — 0.98 12 100%
Skills 1.00
Language 9 1.00 - 1.00 9 100%
1.00
Design 8 1.00 - 1.00 8 100%
1.00
Total 50 0.80 — 0.98 50 100%
1.00
95% Confidence - - 0.97 -1.00 - -
Interval (Cl)
Gwet's AC1 0.98 Very good

Based on Table 4, the overall average CVR was 0.98 (95% CI: 0.97-1.00) with Gwet’'s AC1 of
0.98, indicating a very high level of content validity and inter-rater agreement in the “Very Good”
category. All 50 items exceeded the critical CVR threshold of = 0.80, with 46 items (92%) achieving full
agreement (CVR = 1.00). These findings confirm that the instrument is aligned with the content blueprint
and free from panelist subjectivity bias.
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Distribution of CVR Scores for AR Flashcard Validation Instrument
Dynamic Fluid Topic (N panelists = 10, « = 0.05)
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Figure 1. Distribution of CVR Values for the AR Flashcard Validation Instrument

As shown in Figure 1, the distribution of CVR values indicates a clear polarization between the
two groups of items. A total of 46 items (92%) received a CVR value of 1.00, reflecting unanimous
agreement among all panelists, while 4 items (8%) fell exactly at the critical threshold of CVR = 0.80,
marked by the dashed line. No item fell below this critical threshold, so all 50 items were deemed valid.
Descriptive statistics show an average CVR of 0.98 with a 95% confidence interval of 0.97-1.00 and
Gwet's AC1 of 0.98, indicating a very good level of inter-rater agreement. Thus, all items in the
instrument were deemed statistically valid, and no items needed to be excluded.

3. Validation Decisions and Follow-Up Actions
Table 5. Validation Results and Follow-Up Recommendations
CVR Category Numbers of Follow-up Action
Range Items
CVR=1.00 Highly 46 Retained without substantial revision.
valid
CVR=0.80 Valid 4 Revised based on qualitative feedback from
panelists.
CVR<0.80 Invalid 0 Item discarded/deleted.

Achieving strong content validity in this study is a fundamental step in ensuring that each item
comprehensively represents the theoretical construct of instructional media. This content validity serves
as a key prerequisite before the instrument is used to assess the suitability of the media during the field
trial phase. Specifically, quality assurance by experts ensures that the aspects of media, content, critical
thinking, language, and design are theoretically sound before being implemented with students. Thus,
the results of this CVR analysis provide a strong scientific basis that the instrument is ready to be used
as a reliable evaluation tool in the development of AR-based physics learning media.

To test the stability of the CVR estimate with respect to a limited number of panelists (N=10), a
sensitivity analysis was conducted. The test results showed that the CVR value remained stable above
the critical threshold (=0.80) even when a random reduction in the number of panelists was simulated.
This proves that the inter-rater agreement in this instrument has strong internal consistency and is not
sensitive to fluctuations in individual ratings. All items met the minimum statistical criteria (CVR = 0.80),
but 4 items (8%) were at the critical threshold. This indicates that although numerically valid, these
items require minor revisions to improve their quality.
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Discussion

1. Interpretation of Content Validity Results

The results of the Content Validity Ratio (CVR) analysis indicate that the AR flashcard validation
instrument has very high content quality. A total of 46 out of 50 items (92%) received a CVR score of
1.00, reflecting unanimous agreement among the experts, while the remaining four items (M3, M7, MT7,
CTS8) had a score of 0.80. All items exceeded the minimum critical threshold for the expert panel,
making this instrument statistically suitable for use. ltems with a score of 0.80 were retained with the
note that minor revisions to the wording are needed to improve consistency of interpretation among
raters.

The summary by aspect in Table 4 confirms the consistency of validity across all dimensions,
with a total average CVR of 0.98 and a validity percentage of 100%. The Language and Design aspect
achieved a perfect score (CVR = 1.00), indicating that this medium meets the required standards of
readability and visual aesthetics for AR-based physics learning. Meanwhile, the Media, Content, and
Critical Thinking Skills aspects, which exhibit a range of values (0.80—1.00), remain in the highly valid
category, confirming that the instrument’s theoretical constructs have been operationalized in a manner
relevant to the learning objectives of Fluid Dynamics.

The extremely high CVR scores seen at the item and dimension level can be theoretically
explained by the Cognitive Load Theory (CLT) and Constructivism. The positive scores for Language
and Design suggest that the AR flashcards helped to lessen unnecessary cognitive load. The media
has high readability, clear information hierarchy, and aesthetic visual design. The media does not
overload the students’ working memory with graphical distractions, so the students have cognitive
resources to process the essential fluid dynamics concepts. Furthermore, the high validity in the Critical
Thinking Skills (CTS) dimension aligns with constructivist principles, confirming that the media is
designed to actively stimulate higher-order cognitive processes such as analysis and synthesis, rather
than passive rote memorization, which is crucial for mastering abstract physics concepts.

Overall, Overall, the high CVR scores at both the item and dimension levels provide empirical
evidence that this instrument possesses strong content validity prior to further testing. These findings
align with modern validation principles, which emphasize the importance of expert consensus as the
foundation for the quality of educational media evaluation instruments (Slater & Hasson, 2025). Thus,
this AR flashcard validation instrument is deemed suitable for assessing the quality of learning
materials, with recommendations for iterative improvements to four specific items to optimize the clarity
of the assessment indicators.

These results are an important extension to previous work in the field. Although studies such
as (Dewi, P.S., & Kuswanto, 2023) have shown the effectiveness of interactive science media in
improving analytical skills, the validation has been mainly based on descriptive expert judgements. The
present study advances the field by providing rigorous statistical evidence with Gwet's AC1 (0.98). In
this context, the inclusion of Gwet's AC1 is methodologically superior, as it corrects for prevalence bias,
and demonstrates that the high inter-rater agreement is a true reflection of item essentiality, rather than
a statistical artefact. Moreover, different from the other studies of the development of physics media in
Indonesia, where only average Likert scores are used without critical statistical limits (Ridwan et al.,
2021; Zavira & Sari, 2023), the bootstrap sensitivity analysis in this study proves that the validity
estimates of this study are robust. The sensitivity analysis showed that the CVR values were still above
the 0.80 threshold even when simulated with a smaller panel size, indicating that the high agreement is
a true reflection of the quality of the instrument, not an artefact of a small, homogenous group of experts
(Slater & Hasson, 2025).

The high level of panelist agreement (CVR = 0.98; Gwet's AC1 = 0.98) was interpreted with a
critical eye toward potential biases such as the halo effect or social desirability, which were minimized
through the use of forced-choice dichotomous scales and probabilistic critical thresholds (Ayre & Scally,
2014). Although the number of panelists (N=10) represents the minimum threshold recommended by
Lawshe, the consistency of AC1 values and the results of the sensitivity analysis indicate that validity
estimates remain robust. The four items that reached the threshold value (0.80) reflect the complexity
of operationalizing AR features, not invalidity; therefore, they were revised minorly based on qualitative
input coded thematically (frequency-weighted thematic matrix) into the visual, conceptual, and linguistic
domains.

2. Integration of Qualitative Feedback and Product Revisions

In addition to quantitative assessments, experts also provided qualitative feedback to improve
the visual quality and readability of the materials. This feedback includes: (1) removing background
lines from the media design to reduce visual distractions, (2) improving the image on page 19 to more
clearly illustrate the relationship between velocity and cross-sectional area, and (3) adding equation
labels on pages 25 and 29-30 to help students understand the mathematical formulations of fluid
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concepts. All of these suggestions were addressed through the first-stage revision of the product, in
which design elements were simplified, illustrations were replaced with more explicit visuals, and
equation annotations were added in accordance with the context of the material.
Table 6. Summary of Qualitative Feedback and Revision Follow-Up
Comments Before correction After correction
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Content Validity of Augmented Reality Flashcards on Fluid Dynamics Material Using
Lawshe’s Content Validity Ratio and an Integrated Approach
Mutiara Putri’, Hamdi Akhsan?’, Sardianto Markos Siahaan?, Leni Marlina*

Includes an additional explanation
regarding ideal fluids

Augmented reality of
an ideal fluid, with an
explanation

Augmented reality
applied to turbulent
flow in a pipe is
introduced into the
water

Although the sample size (N=10) met Lawshe’s statistical standards, future studies with a
larger, cross-regional sample are recommended to strengthen the external validity and generalizability
of the validation results.

CONCLUSION

Based on the results of the content validity analysis using an integrated quantitative-qualitative
approach, it can be concluded that the validation instrument for Augmented Reality (AR) flashcards on
the topic of Fluid Dynamics has met strict construct validity standards and is suitable for use as an
evaluation tool. The five-dimensional framework developed not only ensures content accuracy but also
pedagogical and cognitive alignment, making it suitable for adoption or adaptation by AR media
developers, curriculum designers, and science education researchers for other materials or
technological platforms. As a foundational step, this content validation should be followed by empirical
field testing to establish the construct validity and reliability of the instrument, for example through
ordinal reliability analysis (Cronbach’s a or Rasch modeling). Future research is also recommended to
involve multi-school or longitudinal designs to strengthen the generalizability of results and monitor the
long-term impact of the media on students’ conceptual understanding and critical thinking skills. Thus,
this validation framework can serve as a transparent and replicable methodological standard in the
development of immersive technology-based learning media grounded in empirical evidence.
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