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Abstract

Advances in educational technology have introduced immersive tools such as Virtual Reality (VR) to support complex learning, especially
in abstract fields like chemistry. Metaverselab was developed to provide a safe virtual environment for conducting laboratory experiments,
yet early implementation revealed substantial usability issues. Students experienced difficulties with the interface, confusion in navigation,
and insufficient guidance, which affected the overall learning experience. This study aims to evaluate and improve the usability and user
experience of the Metaverselab platform using a User-Centered Design (UCD) approach. The research applied an iterative process
involving 40 student respondents and used two standardized instruments: the System Usability Scale (SUS) and the User Experience
Questionnaire (UEQ). Both instruments were administered during the initial and final evaluation stages to measure changes in usability
and user experience after improvements were introduced. Initial results showed low usability, with an average SUS score of 50.81 and
UEQ benchmark values categorized as “Bad” in all dimensions. Based on these findings, specific user requirements were identified and
translated into targeted design solutions. Key improvements included an interactive tutorial for first-time users, descriptive information
pop-ups for laboratory tools, and undo—redo functions to support error recovery during experiments. Post-implementation testing
demonstrated substantial improvement. The average SUS score increased by 44.16% to 73.25, placing the system in the “Good” usability
category. UEQ results also improved significantly, with the Efficiency dimension rated “Excellent,” while Attractiveness, Perspicuity, and
Stimulation were rated “Good.” These results confirm that the UCD approach effectively identifies user needs and produces design
interventions that enhance the usability, efficiency, and overall learning experience of virtual educational platforms.
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1. Introduction

Advances in educational technology have created new opportunities for more immersive learning experiences, one of which is through the
use of virtual reality [1]. In the context of science education, particularly chemistry, laboratory practical activities are an important aspect
of reinforcing understanding of abstract concepts that are difficult to grasp based on theory alone [2] [3]. However, conducting real
laboratory experiments often faces various obstacles, such as limited laboratory facilities, high operational costs, and safety risks due to
the use of hazardous chemicals [4]. Metaverselab is an innovative alternative in chemistry learning through virtual reality (VR) technology.
This platform is designed to help students understand concepts and practice laboratory experiments virtually [5] [6]. This technology offers
three-dimensional visualization, interactivity, and a learning experience that resembles real conditions in a laboratory. Students can
manipulate objects, observe reactions, and receive immediate feedback, thereby increasing student engagement and improving learning
outcomes [7] [8]. During implementation, the use of this virtual reality platform did not always run smoothly. Some students still had
difficulty adapting to the interface, confusion in navigation, and limitations in interactive features that could reduce learning comfort. This
indicates a problem with the usability of the system, which has the potential to cause an unsatisfactory user experience[9]. An unusable
system can also hinder student engagement, reduce learning motivation, and even make students reluctant to use the technology in the long
term. In other words, without usability evaluation, the development of the metaverse lab risks not providing maximum benefits for students
as the primary users [10][9].

The study was conducted by [11], who developed a Virtual Reality (VR)-based serious game for fire evacuation training. The evaluation
was carried out using the System Usability Scale (SUS) and User Experience Questionnaire (UEQ) to assess the level of usability and user
experience. The results showed that the use of VR was able to provide a more immersive and effective learning experience compared to
conventional methods. These findings confirm that VR is not only useful as a simulation medium, but can also improve the quality of
learning through user-centered design. [8] then researched the effect of using Augmented Reality (AR) on learning motivation and
understanding of acid-base titration concepts in high school students. Using SUS and UEQ, this study evaluated the ease of use and
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experience of students when using AR applications. The results showed a significant increase in motivation and understanding of chemistry
concepts, emphasizing the importance of usability in optimizing the effectiveness of immersive technology-based learning media [12]. A
study conducted by [13] analyzed the ticketing and knowledge base application interface using the 8 Golden Rules of Interface Design
theory. Evaluating interfaces using design principles successfully identifies critical issues like navigation consistency and feedback
efficiency. Building on this, applying User-Centered Design (UCD) is crucial for comprehensive, student-focused evaluation.
Consequently, this study evaluates the Virtual Reality Metaverse Lab using UCD to diagnose specific usability problems [14]. The aim is
to provide clear insights and development recommendations that effectively support the student learning process.

2. Literature Review

2.1 Virtual Reality in Education

The use of Virtual Reality (VR) in education, especially for sciences such as chemistry, is a solution to overcome the limitations of physical
laboratories, such as high costs, safety risks, and limited access [15] [16]. This immersive technology allows students to visualize abstract
concepts in three dimensions and conduct experiments repeatedly in a safe environment, thereby supporting deeper understanding and
independent learning processes [17].

2.2 The Importance of Usability in Learning Applications

The effectiveness of VR technology as a learning medium is highly dependent on its ease of use. Applications with low usability can cause
frustration and hinder the learning process[18]. Therefore, evaluating ease of use is essential to ensure that the application truly supports
learning objectives and provides a positive user experience [19] [20].

2.3 User Centered Design

To ensure that technology products have a high level of usability, the User Centered Design (UCD) approach is an essential development
philosophy. UCD is an iterative design process that focuses on the needs, goals, and limitations of users in every phase of product
development [21]. This approach places users at the center of the design process, from analyzing the context of use, identifying needs,
designing solutions, to evaluation [14]. By actively involving users, developers can gain a deep understanding of how the product will be
used in real-world scenarios, enabling them to create solutions that are not only functional but also intuitive and satisfying for end users.

2.4 Usability Evaluation

Usability evaluation was conducted using the System Usability Scale (SUS) and User Experience Questionnaire (UEQ) [9] [10]. The SUS
is a simple questionnaire containing 10 questions that produce a single score to assess the overall usability of the system, while the UEQ
provides a more comprehensive evaluation through six main scales: Attractiveness, Perspicuity, Efficiency, Dependability, Stimulation,
and Novelty, enabling it to measure not only classic usability aspects but also emotional and hedonic user experiences [22]. The
combination of these two instruments provides a holistic picture, where SUS shows the general level of usability, while UEQ deepens the
analysis of the quality of the user experience, as has also been applied in various VR-based application studies[23].

3. Methods
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Fig 1. Research Methodology

This study uses the User Centered Design (UCD) approach, a design philosophy that places users at the center of every stage of the
development process. This method consists of the stages of understanding the context of use, determining user requirements, designing the
solution process, and evaluating against the requirements [24]. This methodology was chosen because of its focus on a deep understanding
of user needs, goals, and limitations, which are essential for creating products with high usability. The UCD cycle in this study consists of
several main stages. The MetaverseLab system was implemented using the Unity 3D engine and deployed as a standalone virtual reality
application. The platform was accessed using Meta Quest head-mounted displays, enabling students to interact with the virtual laboratory
without requiring high-performance desktop computers. User interaction was primarily controller-based, allowing object selection,
manipulation, and navigation through trigger and ray-casting mechanisms. To ensure user comfort and reduce VR-related discomfort, the
system was optimized to maintain a stable frame rate above 72 FPS with lightweight 3D assets and optimized rendering pipelines.

The literature review stage was conducted to build a strong theoretical foundation for the research by reviewing relevant literature and
previous studies. The focus of the study included the application of Virtual Reality (VR) technology in education, particularly virtual
laboratories; the principles and methodology of User Centered Design (UCD) and its implementation in software development; the use of
usability evaluation instruments such as the System Usability Scale (SUS) and User Experience Questionnaire (UEQ), including score
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interpretation and validity; and usability evaluation case studies on other educational applications to identify best practices and common
challenges encountered [23].

3.1. Understand Context of USe

The first stage in the UCD cycle is to gain a deep understanding of how users interact with the product in a real-world context [24]. To
achieve this goal, initial usability testing sessions were conducted on the first version of the Metaverse Lab platform. These sessions
involved 40 students as respondents, who were the main target users. The purpose of this stage was to collect baseline data on usability
and user experience, as well as to identify the main problems encountered by users when performing virtual lab tasks [25]. The instruments
used at this stage were the SUS questionnaire for general usability measurement and the UEQ questionnaire for a more detailed analysis
of user experience [26]. The participants were undergraduate students enrolled in a chemistry-related program and had prior experience
with conventional laboratory procedures. However, prior exposure to virtual reality technology varied among participants, with most
respondents having limited or no experience using VR for educational purposes. The participants were aged between 18 and 22 years, with
a relatively balanced gender distribution. These characteristics may influence usability perception and are therefore acknowledged as
potential limitations of the study.

3.2. Specify User Requirements

Quantitative and qualitative data obtained from the previous stage are thoroughly analyzed to define specific user requirements [24]. Low
SUS scores and “Poor” UEQ ratings are further analyzed and translated into a list of concrete functional and non-functional requirements.
This process involves identifying the issues most frequently experienced by users, such as navigation difficulties, interface confusion, and
lack of system feedback. The result of this stage is a user requirements document that serves as the main guide for the system redesign
process [27]. User requirements were derived by clustering recurring usability issues based on their frequency and severity as observed
during usability testing sessions. Although formal techniques such as affinity diagramming or card sorting were not explicitly applied, the
requirement extraction process followed a systematic interpretation of both quantitative usability scores and qualitative user feedback.

3.3. Design Solutions Process

Based on the list of user requirements that have been specified, the next step is to design and develop solutions to address existing problems
[24]. This process is iterative, which may involve creating interface prototypes, redesigning interaction flows (UX), and refining visual
elements (UI)[28]. Some concrete solutions implemented in this study include the addition of an interactive tutorial module, simplification
of the tool and material selection menu, and improvement of the visual and auditory feedback system for each user action [29]. All of these
design changes are specifically designed to meet the requirements identified in the previous stage [30].

3.4. Evaluations Against Requirements

After the design solution was implemented on the Metaverse Lab platform, a second evaluation stage was conducted. This stage aimed to
validate whether the changes made had successfully improved usability and user experience, as well as met the established requirements
[24]. The reliability of the usability evaluation instruments was supported by prior validation studies of both SUS and UEQ. Internal
consistency of the UEQ scales was confirmed using Cronbach’s alpha, which indicated acceptable reliability across all dimensions (o >
0.7). To confirm usability improvement, a paired comparison between pre-test and post-test SUS scores was conducted using a Wilcoxon
signed-rank test, revealing a statistically significant increase in usability scores (p < 0.05). The second usability testing session was
conducted with the same respondents and task scenarios as in the initial evaluation. The SUS and UEQ instruments were again used to
collect data. The results of this second evaluation were then directly compared with the results of the first evaluation to measure the success
rate of the redesign process that had been carried out [31]. This study employed a single major iteration of the UCD cycle, consisting of an
initial evaluation, design refinement, and final usability assessment. While multiple iterations may provide deeper insights, the single-cycle
approach was sufficient to demonstrate measurable usability improvements within the study scope.

3.5. Conclusions and Recomendations

The final stage of this methodological cycle is to analyze the results of the comparison between the initial and final evaluations. From this
analysis, conclusions are drawn regarding the effectiveness of the UCD approach in improving the usability of Metaverse Lab. In addition,
at this stage, recommendations are also formulated for future platform development. These recommendations may include suggestions for
further improvements, the addition of new features, or other areas that can still be optimized based on user feedback during the evaluation
process [21].

4. Result and Discussions

4.1. Understand Context of Use

This stage aims to identify usability issues in the initial version of Metaverse Lab. Testing was conducted on 40 respondents to collect
quantitative data on their perceptions and experiences. The results of this evaluation will serve as the basis for system design improvements
in the next stage.

4.1.1. System Usability Scale

The initial measurement of system usability was measured with 40 respondents using the SUS method. The weight of the SUS statements
ranged from 1 to 5, with the weight of odd-numbered statements converted by removing the value 1 and the weight of even-numbered
statements converted by removing the value 5. A summary of the scores in the initial SUS can be seen in Table 1.

Table 1. Summary Scores Results Early Stage
Statistics Values

Number of Respondents 40
Minimum SUS Score 27.5
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Maximum SUS Score 72.5
Average SUS Score 50.81
Usability Category Poor, Below Acceptable

Based on the results of the initial System Usability Scale (SUS) test on 40 respondents in Table 1, the average score was 50.81. This score
is still below the threshold of 70, which is generally used as the standard for a system to be considered as having a good level of usability.
Looking at the distribution of respondent scores, there is quite a wide variation, ranging from a low score of 27.5 (R3) to a high score of
72.5 (R39 and R40). This shows that the user experience with the application is still inconsistent: some respondents rated it quite well, but
many also still experienced difficulties or obstacles in using it [32]. In general, the initial SUS scores indicate that the application still needs
significant improvement, especially in terms of ease of use, navigation consistency, and supporting features such as tutorials and tool
information, in order to increase user satisfaction and effectiveness in the virtual learning process.

4.1.2. User Experience Questionnaire
The next usability test was conducted again using the UEQ method with the same procedure and 40 respondents as in the initial stage. The
UEQ instrument used consisted of 26 items on a 1-7 Likert scale [33]. The statistical results, such as the mean, variance, and standard
deviation from this stage, are presented in Table 2.

Table 2. Mean, Variance, and Standard deviation Early Stage

UEQ Scale Mean Variance Std. Dev. Description

Attractiveness 0.66 2.33 1.53 Low appeal, users perceived the system as relatively unattractive or unpleasant.
Perspicuity 0.54 2.01 1.42 Users found the system moderately difficult to understand and learn.
Efficiency 0.02 2.22 1.49 Perceived efficiency was very low, indicating slow or effortful interaction.
Dependability 0.07 2.20 1.48 Users felt the system was inconsistent and not fully reliable.

Stimulation 0.13 2.28 1.51 Low motivation and low excitement when using the system.

Novelty -0.33 243 1.56 Users perceived the system as not innovative and lacking creativity.

The initial results of the UEQ with 26 statements summarized in Table 2 show that the user experience is not yet optimal. Although items
related to attractiveness and clarity received positive responses, especially “enjoyable” (average 1.6) and “easy to understand” (average
1.8), the high variance indicates inconsistent user perceptions. Conversely, significant negative evaluations emerged regarding uniqueness
and reliability. Items such as “creative” (average —1.4) and “motivating” (average —1.8) indicate that the system is considered less
innovative and less motivating. Overall, while performance in appeal and clarity is still acceptable, the negative trend in uniqueness and
reliability highlights critical weaknesses [34]. These findings emphasize the urgent need for targeted improvements in the next development
phase to significantly enhance user engagement and system reliability.

Table 3. UEQ Scales Early Stage

UEQ Scales (Mean and Variance)

Attractiveness 0.158 0,30
Perspicuity 0,113 0,65
Efficiency 0,050 0,36
Dependability -0,088 0,78
Stimulation -0,088 0,54
Novelty -0,038 0,59

Based on the results of the initial UEQ scale in Table 3, it can be seen that most of the scales are still in the low category. The Attractiveness
scale (mean 0.158; variance 0.30), Perspicuity scale (mean 0.113; variance 0.65), and Efficiency scale (mean 0.050; variance 0.36) obtained
positive scores, although the values are still very small, indicating that the application is considered somewhat attractive, fairly easy to
understand, and slightly efficient. Conversely, Dependability (mean —0.088; variance 0.78), Stimulation (mean —0.088; variance 0.54), and
Novelty (mean —0.038; variance 0.59) had negative values, indicating that the application was still unreliable, not sufficiently motivating,
and lacked novelty[35]. Overall, these results indicate that in the early stages, the user experience tends to be neutral to negative, with
considerable variation in responses (high variance values on several scales). This shows differences in perception among respondents and
confirms the need for significant improvements, especially in terms of reliability, stimulation, and innovation [36].

Table 4. Benchmark Results Early Stage

Scale Mean Comparisson to benchmark Interpretation

Attractiveness 0,16 Bad In the range of the 25% worst results
Perspicuity 0,11 Bad In the range of the 25% worst results
Efficiency 0,05 Bad In the range of the 25% worst results
Dependability -0,09 Bad In the range of the 25% worst results
Stimulation -0,09 Bad In the range of the 25% worst results

Novelty -0,04 Bad In the range of the 25% worst results
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Fig 2. Benchmark Graph Results

Based on the initial UEQ testing in Table 3, average scores across all scales were relatively low. While Attractiveness (0.16), Perspicuity
(0.11), and Efficiency (0.05) showed positive but minimal values, Dependability (—0.09), Stimulation (—0.09), and Novelty (-0.04) were
negative, indicating the application lacked reliability and motivation. High variance values further highlighted significant inconsistencies
in user perception [37]. Crucially, the benchmark analysis in Table 4 and Figure 2 categorized all dimensions as "Bad," placing the
application in the bottom 25% of results globally [38]. These findings confirm that the initial usability and user experience were
significantly deficient, underscoring the urgent need for comprehensive improvements to reach acceptable standards in the subsequent
evaluation.

4.1.3. System Design Identification

The next step is to conduct a system design analysis based on the 8 Golden Rules. This analysis aims to formulate recommendations for
improvements to the user interface [13]. The 8 Golden Rules theory can be used as a consideration and reference in assessing the design
and performance of the system. Based on this analysis, several design aspects were identified that did not comply with the 8 Golden Rules.

Table 5. System Design Identification

No  Rules Problems Figures

The virtual reality start menu does not contain
Reduce Short-Term . .
1 instructions on how to use the metaverse lab for
Memory Load . .
chemistry experiments.

When the virtual lab does not display information on the

2 Dialog Closure virtual chemical tools.

There is no Undo feature when an error occurs during a

3 Reversal of Action virtual lab session.

4.2. Specify User Requirements

This stage focuses on identifying the obstacles experienced by users, represented by 40 respondents. The findings from each respondent
are abstracted into user personas. Next, the analysis of the obstacles and recommendations for improvement from each persona are
synthesized into a user requirements document.

4.2.1. User Persona
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Fig 3. User Personas
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4.2.2. User Requirements

Table 6. User Requirements

No. User Requirements Description

Users need an introductory tutorial before conducting practical work so that they are not

I Tutorial menu feature confused when using the application.

Every chemical tool in the virtual laboratory must display its name, function, and benefits to

2 Information on virtual tools support student understanding.

Users need the ability to undo or redo actions so they can learn from their mistakes during

3 Undo and redo button .
practical work.

The application should provide simpler, clearer, and easier-to-understand instructions and

4 Clear navigations and instructions L
navigation for users.

Confirmation at each step of the

practicum The application must clearly display every confirmation provided by the user.

4.3. Design Solution Process

The design solution process stage involves compiling recommendations for design improvements based on problems identified in initial
usability testing and feedback provided by respondents. At this stage, the focus is on overcoming obstacles experienced by users in order
to improve their interaction experience [39]. One important improvement that was implemented was the addition of a tutorial menu feature
before entering the main practicum in MetaverseLab. This was because in the initial version, the absence of a tutorial menu had the potential
to cause confusion for students when using the virtual laboratory for the first time. With the tutorial menu, users can understand the flow
of application usage, navigation, and practicum steps in stages so that the learning process becomes easier, more focused, and more
effective.

, - B
Fig 4. Recommendations for Improving the Tutorial Menu at the Beginning of the Practicum
The second improvement addresses the lack of functional information in the virtual chemistry practicum. Previously, laboratory equipment

did not display explanations of its purpose, making it difficult for students to use the tools correctly. To solve this, interactive labels or
pop-up descriptions were added, allowing students to easily understand each tool’s function and improving overall learning effectiveness.

Fig 5. Recommendations for Improving Toollinformation Usage

The third improvement addresses the lack of undo and redo buttons in the virtual lab. Without these features, students cannot correct
mistakes or repeat steps during experiments, which limits the learning process. Adding undo and redo allows students to freely explore,
correct errors, and engage in a more interactive and effective learning experience.

ng 6. Recommendations for Improving the Undo and Redo Features

4.4. Evaluations Against Requirements

The final stage aims to evaluate the usability results after design improvements have been made. This test again involved the same 40
respondents as in the initial stage, using similar evaluation methods, namely the System Usability Scale (SUS) and User Experience
Questionnaire (UEQ), so that the results before and after the improvements could be compared objectively [9] [10].
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4.4.1. System Usability Scale

The final measurement of virtual reality usability was measured using the System Usability Scale with 40 respondents. The SUS statement
weights ranged from 1 to 5, with the conversion of odd statement item weights eliminating the value 1 and even statement item weights
eliminating the value 5. A summary of the scores in the final stage SUS can be seen in Table 7.

Table 7. Summary Scores Results Final Stage

Statistics Values

Number of Respondents 40

Minimum SUS Score 52.5

Maximum SUS Score 85

Average SUS Score 73.25

Usability Category Good, Acceptable

Based on the final testing with 40 respondents, the system achieved an average SUS score of 73.25. This score surpasses the standard
threshold of 68, classifying the usability as "Good" and acceptable [32]. Scores ranged from 52.5 to 85, indicating that while minor obstacles
persist, the majority perceive the system as easy to use. These results confirm that design improvements specifically the tutorial menu, tool
information, and undo/redo features effectively enhanced usability. This aligns with previous research, demonstrating that interactive
navigation and learning support features contribute significantly to improving learnability and user experience.

4.4.2. User Experience Questionnaire

The next usability stage is to test usability using the UEQ method. This test is conducted using the same procedure as in the initial stage,
which is to distribute questionnaires to the same 40 respondents. The UEQ instrument consists of 26 statement items with a Likert scale of
1 to 7. The results of the mean, variance, and standard deviation calculations at this stage can be seen in Table 8.

Table 8. Mean, Variance, and Standard deviation Final Stage
UEQ Scale Mean  Variance Std. Dev.  Description

Attractiveness 1.80 1.77 1.33 Users perceived the system as attractive, pleasant, and visually improved.
Perspicuity  1.78 2.18 1.48 The system became easier to understand and learn, with clearer interaction flow.
Efficiency 1.90 1.63 1.28 Users experienced faster, smoother, and more efficient interaction.
Dependability 1.33 2.03 1.42 The system was perceived as more predictable, secure, and reliable.

Stimulation  1.45 2.08 1.43 Users felt more motivated and engaged while using the system.

Novelty 1.13 2.35 1.53 The system appeared more innovative and creative after improvements.

Based on the results of the final UEQ testing in Table 8, the mean values of the 26 items show a positive trend in all aspects of usability.
The dimensions of Attractiveness, Perspicuity, Efficiency, Dependability, Stimulation, and Novelty obtained scores ranging from good to
very good, with mean values mostly close to 2 (positive). The relatively low variance and standard deviation indicate that the respondents'
answers were quite consistent [34]. This indicates that after design improvements, the application is considered easier to use, enjoyable,
practical, and supportive of the learning process.

Table 9. UEQ Scales Final Stage

UEQ Scales (Mean and Variance)

Attractiveness 1,796 1,20
Perspicuity 1,763 1,47
Efficiency 1,888 1,03
Dependability 1,325 0,76
Stimulation 1,438 1,35
Novelty 1,106 1,30

Based on the final UEQ results in Table 9, it can be seen that all dimensions received positive scores. The dimension with the highest score
was Efficiency (mean = 1.888), which indicates that the application is considered efficient and supports practical activities well. This was
followed by Attractiveness (1.796) and Perspicuity (1.763), which indicate that the application is considered attractive and easy to
understand. Meanwhile, the lowest scores were obtained in the Novelty (1.106) and Dependability (1.325) dimensions. This shows that
although the system is considered quite innovative and reliable, there is still room for improvement, especially in providing a newer
experience and increasing user trust [36]. Overall, these scores show that the application is in the positive category across all UEQ
dimensions, so it can be concluded that design improvements have had a significant impact on the quality of the user experience.

Table 10. Benchmark Results Final Stage

Scale Mean Comparisson to benchmark Interpretation
Attractiveness 1,80 Good 10% of results better, 75% of results worse
Perspicuity 1,76 Good 10% of results better, 75% of results worse

Efficiency 1,89 Excellent In the range of the 10% best results
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Dependability 1,33 Above Average 25% of results better, 50% of results worse
Stimulation 1,44 Good 10% of results better, 75% of results worse
Novelty 1,11 Above Average 25% of results better, 50% of results worse

Compared to similar VR-based educational studies, the substantial improvement in efficiency reflects the effectiveness of simplifying
interaction flow and providing guided tutorials. Efficiency showed greater improvement than novelty and dependability because the
redesign focused primarily on optimizing task execution rather than introducing fundamentally new system features. From an educational
usability perspective, achieving high efficiency and clarity is considered more critical than novelty, particularly for learning-oriented VR
environments.

2,50
2,00
1,50 mmm Excellent
= Good
1,00 - S
Above Average
050 Below Average
0,00 ' Bad
0,50 =g Vean
-1,00 T T T T T
Attractiveness Perspicuity Efficiency Dependability Stimulation Novelty

Fig 7. Benchmark Graph Results

Based on the final UEQ benchmark results in Table 10 and Figure 7, most dimensions fall into the "Good" to "Excellent" categories. The
Efficiency dimension achieved the highest score of 1.89, earning an "Excellent" rating top 10%, demonstrating that users find the
application highly efficient. Additionally, Attractiveness (1.80), Perspicuity (1.76), and Stimulation (1.44) were categorized as "Good,"
indicating the system is engaging and comprehensible. Meanwhile, Dependability (1.33) and Novelty (1.11) reached the "Above Average"
level. While adequate, these specific scores suggest that reliability and innovation remain key areas for potential optimization. Overall, the
application demonstrates strong usability with efficiency as its primary strength, though further development is recommended to further
bolster system dependability and novelty [38].

4.4.3. Comparison of Initial and Final Usability

Table 12.Usability UEQ Scores Comparison
Usability UEQ Scores

UEQ Scale Preliminary Testing Final Testing Improvement

Table 11. Usability Average SUS Scores Comparison 1ea
Attractiveness 0.16 1.80 >

Usability Average SUS Scores o ’ ’ +1.65
Preliminary Final Perspicuity 0,11 1,76 ’

Testing Testing Improvement : +1,84
S8l Efficiency 0,05 1,89 >

’ 73,25 44,16% Dependability 20.09 133 +1.42

Stimulation -0.09 1.44 +1,53

Novelty -0,04 1,11 +L.15

A comparison between the initial and final usability tests was conducted to measure the improvement after implementing UCD-based
design changes [40]. The SUS score increased from 50.81 to 73.25, with an increase of 44.16%, indicating a significant improvement in
the overall usability of the system, as shown in Table 11. Similarly, all UEQ dimensions experienced significant improvements, with the
highest increase recorded in Efficiency (+1.84), followed by Clarity (+1.65) and Attractiveness (+1.64). Stimulation, Reliability, and
Uniqueness also showed notable increases, indicating that the updated system is considered more attractive, reliable, and innovative, as
shown in Table 12 [41].

5. Conclusion

Although learning outcomes were not quantitatively measured, improved usability is closely associated with enhanced learning
experiences. Several participants reported increased confidence and engagement during virtual experiments after the redesign. This
suggests that improved usability may indirectly support better conceptual understanding by allowing students to focus on learning tasks
rather than interface navigation. This study is subject to several limitations. The evaluation was conducted at a single institution using
specific VR hardware, which may influence generalizability. The experimental scenarios were limited to selected chemistry laboratory
activities, and long-term learning effects were not assessed. Future research should involve multi-institutional samples, comparative studies
with real laboratory environments, extended usage periods, and integration of learning performance metrics. This study demonstrates the
effectiveness of the User-Centered Design (UCD) approach in enhancing the Metaverse Lab. Initial evaluations revealed significant
usability issues, evidenced by a low System Usability Scale (SUS) score of 50.81 and "Bad" User Experience Questionnaire (UEQ) ratings.
Following the implementation of targeted solutions including interactive tutorials, tool descriptions, and undo/redo functionalities
performance improved substantially. The final evaluation recorded a 44.16% increase in the SUS score to 73.25, classifying usability as
"Good". Furthermore, UEQ scores rose dramatically, with Efficiency reaching "Excellent". These results confirm that the iterative UCD
process successfully transformed the Metaverse Lab into a highly effective and satisfying educational tool for chemistry learning.
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