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ABSTRACT

Background: The rapid advancement of digital technology has
encouraged the development of learning approaches that support not
only knowledge acquisition but also collaboration and interaction.
Contribution: This study proposes a Mixed Reality (MR)-based solar
system learning media with multiplayer features to enhance
technological literacy and student interaction in elementary
education.

Methods: An evaluative mixed-method approach was employed
involving 37 students and 8 teachers at SDIT Daarul Jihad. Data were
collected through questionnaires, observations, and interviews, and
analyzed using descriptive statistics and qualitative interpretation.
Results: The findings show that the MR-based learning media was
positively perceived by both teachers and students. More than 88% of
teachers reported improved student understanding and engagement,
while over 90% of students experienced increased motivation and
ease of use. In addition, 76.9% of students demonstrated high to very
high confidence in explaining solar system concepts. The multiplayer
feature also supported collaborative interaction and active discussion
during learning activities.

Conclusions: The MR-based collaborative learning media
demonstrates strong potential in enhancing both cognitive and social
aspects of learning in elementary education and provides practical
insights into the integration of immersive collaborative learning
technologies in classroom settings.

This is an open-access article under the CC—BY-SA license.
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1. Introduction

The rapid advancement of digital technology has significantly influenced educational
practices, particularly in supporting student-centered learning models [1]. In the 21st century,
effective education demands not only the transmission of knowledge but also the development
of essential skills such as collaboration, communication, creativity, and critical thinking [2].
Within this context, educational media are expected to provide not only engaging
visualizations but also opportunities for interactive and collaborative learning experiences.
This demand is particularly relevant in science education, where abstract topics such as the
solar system remain challenging for elementary school students when delivered through
conventional instructional approaches [3]. Previous studies have shown that students often
struggle to understand planetary motion, spatial relationships, and scale due to the limitations
of traditional media [4]. To address these challenges, immersive technologies such as
Augmented Reality (AR) and Virtual Reality (VR) have been widely explored in educational
settings [4]. AR has been shown to enhance visualization by integrating virtual objects into
real-world environments, thereby supporting students’” conceptual understanding [5].

However, AR-based learning is often limited in terms of immersion and does not fully
support real-time interaction among learners. On the other hand, VR provides a fully
immersive experience but tends to isolate users into individual environments and may
introduce accessibility issues, including device limitations and user discomfort such as motion
sickness [6], [7]. These limitations indicate that while AR and VR offer valuable contributions,
they are not yet optimal in supporting collaborative and socially interactive learning processes.
Mixed Reality (MR), which integrates physical and digital environments into a unified
interactive space, has emerged as a promising alternative to overcome these limitations. MR
enables users not only to visualize three-dimensional objects but also to interact with them
collaboratively in real time [8]. Previous studies have highlighted the potential of MR in
enhancing learning experiences and user engagement [8], [9]. However, most existing MR
implementations in education primarily focus on visualization and individual interaction,
with limited emphasis on structured collaborative learning, particularly in elementary school
contexts. Furthermore, empirical studies that specifically investigate the role of MR-based
collaborative interaction in improving both cognitive and social learning outcomes at the
primary education level remain limited, particularly in collaborative immersive learning
contexts [10]-[12].

To systematically examine the contextual challenges in implementing immersive learning
in elementary education, a root-cause analysis was conducted using a fishbone diagram [13].
This analysis categorizes key influencing factors into management, technological, pedagogical,
and student-related aspects, as shown in Figure 1. The diagram illustrates that although
immersive technologies have been introduced in classroom settings, significant limitations
remain in facilitating meaningful interaction, collaborative engagement, and integration with
instructional practices. These findings highlight a gap between technological capability and

pedagogical implementation, particularly in enabling collaborative learning experiences.
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Figure 1. Fishbone Diagram for Problem Analysis

The analysis indicates that although immersive technologies have been introduced in
classroom settings, limitations remain in facilitating meaningful interaction, collaborative
engagement, and integration with instructional practices. These findings highlight a gap
between technological capability and pedagogical implementation, particularly in enabling
collaborative learning experiences. In a real classroom context, previous immersive learning
implementations at SDIT Daarul Jihad demonstrated that while XR-based media improved
visualization, they did not yet effectively support student interaction and collaborative
learning. Teachers emphasized the need for features that enable group discussion, shared
exploration, and active engagement. This condition reflects both a practical and empirical gap,
where immersive technologies are present but not fully utilized to support collaborative
learning processes. Based on these identified gaps, this study aims to investigate how a Mixed
Reality-based solar system learning medium with multiplayer features can support
collaborative learning and enhance technological literacy among elementary school students.
Specifically, this study addresses the following research questions: First, how does the
implementation of MR-based learning media with multiplayer features influence students’
motivation, conceptual understanding, and interaction? Second, how do teachers perceive the
usability and pedagogical relevance of MR-based collaborative learning media?

The novelty of this study lies in the integration of Mixed Reality technology with
multiplayer collaborative features within a real elementary school context, supported by a
participatory approach involving both teachers and students. Unlike previous studies that
emphasize visualization through AR or immersion through VR, this study positions MR as a
medium for collaborative interaction, aiming to bridge cognitive and social aspects of learning
simultaneously. In addition, this study contributes to the development of an empirical model
of collaborative immersive learning that is contextually grounded in real educational

implementation.
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2. Method

This section describes the research methodology employed in this study, including the
research design, procedures, data collection methods, and analysis techniques used to evaluate
the effectiveness of the Mixed Reality (MR)-based learning media. The methodological
framework is designed to systematically examine both the implementation process and its
impact on student interaction and technological literacy in an elementary school context.

2.1. Research Design

This study employed an evaluative research design using a mixed-method approach to
assess the effectiveness of a Mixed Reality (MR)-based learning medium in enhancing student
interaction and technological literacy in elementary education. The evaluative design was
selected to examine both the implementation process and its educational outcomes within a
real classroom context. By integrating quantitative and qualitative data, this approach enables
a comprehensive analysis of both cognitive and social learning aspects. The overall research
design is illustrated in Figure 2, which presents the sequential stages of the study, including
needs assessment, design and development, implementation, evaluation, data analysis, and
outcome identification. The process began with a needs assessment conducted through Focus
Group Discussions (FGD) to identify learning challenges and user requirements. This was
followed by the design and development phase, where the MR-based learning media with

multiplayer features was developed and aligned with the curriculum context.

Content Validity & Reliability
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Figure 2. Research Design of the Evaluative Mixed-Method Approach for Mixed Reality-Based
Learning Implementation

The implementation stage involved beta testing of the developed system in a classroom
setting with active participation from students and teachers. Subsequently, the evaluation

phase was conducted using a mixed-method approach. Quantitative data were collected
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through structured questionnaires that had undergone content validity and reliability
assessment, involving 37 students and 8 teachers after a data cleaning process to remove
duplicate and invalid responses. Qualitative data were obtained through classroom
observation and interviews to capture student engagement, interaction, and collaborative
behavior during the learning process. As shown in Figure 2, the collected data were analyzed
through descriptive statistical analysis and qualitative interpretation, followed by
methodological triangulation to ensure the consistency and validity of findings. This
integrated analysis enables a comprehensive evaluation of learning outcomes, including
motivation, conceptual understanding, interaction, and engagement, resulting from the

implementation of MR-based collaborative learning.

2.2. Activity Procedure

This study adopts a participatory-collaborative approach, in which teachers and students
are actively involved throughout the research process, from the initial needs assessment to the
evaluation of the Mixed Reality (MR)-based learning media. This approach is intended to
ensure that the developed learning system is contextually relevant, user-centered, and aligned
with actual classroom needs. In this approach, teachers act not only as end users but also as
co-design participants who contribute to identifying learning challenges, providing feedback
during the development phase, and evaluating the usability and pedagogical relevance of the
system. Students, on the other hand, are involved as primary users whose interactions,
engagement, and responses form the basis for evaluating the effectiveness of the learning
media. The participatory-collaborative approach has been widely recognized as an effective
method in educational research, particularly in designing technology-enhanced learning
environments. Previous studies emphasize that involving teachers in the design process
improves the relevance and applicability of educational technologies [14], while collaborative
engagement with learners enhances both digital literacy and social interaction [15]. In addition,
participatory training models have been shown to strengthen teachers’ capacity in integrating
instructional media [16], and participatory design approaches can foster student engagement
and learning motivation in technology-supported environments [17]. By integrating
participatory principles within a collaborative learning framework, this study ensures that the
implementation of MR-based learning media is not only technically feasible but also
pedagogically meaningful and sustainable in real classroom settings.

2.3. Research Procedure

The research procedure follows the stages illustrated in Figure 2 and is systematically
structured into four main phases: needs assessment, design and development,
implementation, and evaluation. This structured process ensures a coherent alignment
between the development of the MR-based learning media and its evaluation in a real
classroom context.

The first phase, needs assessment, was conducted through Focus Group Discussions
(FGD) involving teachers to identify learning challenges related to the solar system topic and
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to determine the requirements for the development of the learning media. This phase provides
a contextual foundation for designing a solution that is relevant to classroom needs. The
second phase involves the design and development of the Mixed Reality (MR)-based learning
media. In this stage, the system was developed by integrating immersive visualization with
multiplayer features to support collaborative learning. The learning content was designed in
accordance with the elementary school curriculum to ensure its pedagogical relevance. The
third phase is the implementation stage, which involves beta testing of the developed system
in a real classroom setting. During this phase, students and teachers interact directly with the
MR application, allowing observation of user engagement, interaction patterns, and system
usability in practice. The final phase is the evaluation stage, which is conducted using a mixed-
method approach as shown in Figure 2. Quantitative data were collected through structured
questionnaires administered to students and teachers, while qualitative data were obtained
through classroom observations and interviews. This phase aims to evaluate usability, student
motivation, conceptual understanding, and collaborative interaction resulting from the

implementation of the MR-based learning media.

2.4.Data Collection Methods

Data in this study were collected using a mixed-method approach, combining quantitative
and qualitative techniques to obtain a comprehensive understanding of the effectiveness of the
MR-based learning media [8]. The data collection process involved questionnaires, classroom
observations, and interviews. Quantitative data were collected through structured
questionnaires administered to students and teachers after the implementation of the learning
media [18]. The questionnaire items were designed to measure key variables, including
usability, learning motivation, conceptual understanding, interaction, and student
engagement. A Likert scale was used to capture participants’ responses, enabling the analysis
of perception-based data in a measurable form.

The participants involved in the data collection consisted of 37 students and 8 teachers,
following a data cleaning process to remove duplicate and invalid responses. The selection of
participants was based on their direct involvement in the implementation of the MR-based
learning media, ensuring that the collected data were relevant to the research objectives.
Qualitative data were obtained through classroom observations and semi-structured
interviews. Classroom observation was conducted to capture student interaction, engagement,
and collaborative behavior during the learning process, while interviews with teachers were
used to gain deeper insights into usability, pedagogical relevance, and the overall learning
experience. The combination of quantitative and qualitative data collection methods enables
methodological triangulation, providing a more comprehensive and reliable evaluation of both
cognitive and social aspects of learning. Prior to analysis, the collected data were subjected to
a data cleaning process to remove duplicate and invalid responses. In addition, responses with
missing values were handled appropriately depending on the type of analysis conducted.

2.5. Instrument Validity and Reliability

The validity and reliability of the research instruments were evaluated to ensure the
accuracy and consistency of the data collected in this study. The questionnaire used in this
research was developed based on key variables, including usability, learning motivation,
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conceptual understanding, interaction, and student engagement, as described in the data
collection process. Content validity was established through expert judgment involving
teachers who participated in the Focus Group Discussion (FGD) during the needs assessment
phase. Their feedback was used to refine the questionnaire items to ensure that they were
relevant, clear, and aligned with the learning objectives and classroom context. To assess the
internal consistency of the instrument, a reliability test was conducted using Cronbach’s
Alpha, where a value above 0.70 is generally considered acceptable. In conducting the
reliability analysis, responses with sufficient completeness were included, while missing
values were handled using mean substitution to avoid significant data loss.

Table 1. Reliability Analysis Results

Instrument Number of Items Cronbach’s Alpha Interpretation
Student Questionnaire 8 0.921 Excellent
Teacher Questionnaire 5 0.821 Good

The results of the reliability analysis are summarized in Table 1. The student questionnaire
achieved a Cronbach’s Alpha value of 0.921, indicating excellent internal consistency.
Meanwhile, the teacher questionnaire yielded a Cronbach’s Alpha value of 0.821, indicating
good reliability. These results demonstrate that the instrument used in this study is reliable for
evaluating the effectiveness of the MR-based learning media in supporting student interaction
and technological literacy.

2.6. Data Analysis Techniques

The data analysis in this study was conducted using both quantitative and qualitative
techniques to provide a comprehensive evaluation of the MR-based learning media. This
approach allows for a more in-depth understanding of both measurable outcomes and
contextual learning experiences. Quantitative data obtained from the questionnaires were
analyzed using descriptive statistical methods, including the calculation of mean scores and
percentage distributions for each variable. These analyses were used to assess key aspects such
as usability, learning motivation, conceptual understanding, interaction, and student
engagement. In addition, a reliability analysis using Cronbach’s Alpha was performed to
evaluate the internal consistency of the questionnaire items [19]. Qualitative data collected
through classroom observations and interviews were analyzed using a thematic analysis
approach. The data were systematically reviewed to identify recurring patterns related to
student interaction, engagement, collaboration, and learning experiences during the
implementation of the MR-based learning media. To enhance the validity of the findings,
methodological triangulation was applied by integrating the results from both quantitative
and qualitative analyses [20]. This process enables cross-verification of findings and provides
a more comprehensive interpretation of the effectiveness of the learning media. By combining
statistical analysis with qualitative insights, this study ensures that both cognitive outcomes
and social interaction aspects are adequately captured and evaluated.

3. Results and Discussion
3.1. Authors and Affiliations
This section presents and analyzes the findings of the study on the implementation of

Mixed Reality (MR)-based solar system learning media with multiplayer features in an
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elementary school context. The analysis focuses on evaluating the effectiveness of the
developed system in enhancing student interaction, technological literacy, and conceptual
understanding of the solar system. The findings are derived from a combination of quantitative
and qualitative data, including questionnaire responses from 37 students and 8 teachers,
classroom observations, and Focus Group Discussions (FGD). The analysis integrates
descriptive statistical results and qualitative insights to provide a comprehensive evaluation
of both cognitive and social learning outcomes. The discussion is organized into three main
parts: (1) findings from the needs assessment through FGD, (2) implementation of the MR-
based learning media in a classroom setting, and (3) descriptive analysis of user responses to

evaluate the effectiveness of the learning media.

3.2.Needs Assessment Findings

The initial findings of this study were derived from the needs assessment phase conducted
through Focus Group Discussions (FGD) with teachers. The results reveal several limitations
in the previously developed learning media used in the 2024 PKM implementation,
particularly in supporting interactive and collaborative learning. Teachers reported that
although Augmented Reality (AR)-based learning media was accessible and easy to use via
smartphones, it lacked immersive depth and did not sufficiently support student interaction.
This finding is consistent with previous work [21], which demonstrated that AR-based
learning media can enhance usability and basic understanding but remains limited in
providing interactive learning experiences. Similarly, earlier research on immersive learning
media [22] indicated that while XR-based systems offer engaging visualizations, they often
lack mechanisms to support meaningful collaboration among students. Several key challenges
were identified from the FGD results. First, the existing media did not adequately visualize
dynamic astronomical concepts, such as planetary rotation, revolution, and relative motion.
Second, there was a lack of comparative representation of planetary characteristics, which
limited students” ability to understand abstract relationships within the solar system. Third,
the absence of integrated evaluation features, such as collaborative quizzes, reduced
opportunities for active learning and knowledge reinforcement. Most importantly, the
previous system did not facilitate interaction among students, resulting in a predominantly
individual learning experience despite the use of immersive technology [23]-[25].

Based on these findings, the development of the MR-based learning media in this study
was directed toward addressing these limitations by integrating multiplayer features to enable
real-time interaction among students and teachers. This design aims to transform the learning
process from passive visualization into an interactive and collaborative experience. The
inclusion of shared virtual environments, discussion opportunities, and interactive tasks is
expected to enhance both conceptual understanding and social engagement. Furthermore,
teacher involvement emerged as a critical factor in ensuring the effectiveness and sustainability
of the system. Teachers expressed the need to actively participate not only as users but also as
facilitators who guide and support collaborative learning activities. This aligns with the
participatory-collaborative approach adopted in this study, where teachers contribute to both
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the design and implementation process. Overall, the needs assessment findings highlight a
fundamental shift from visualization-centered learning toward interaction-driven learning.
These findings serve as the basis for the development of a collaborative MR-based learning
model that integrates immersive technology with social interaction, aiming to improve both

cognitive and affective learning outcomes in elementary science education.

3.3.Implementation of MR-Based Learning Media

The MR-based learning media was implemented in a real classroom setting to evaluate its
feasibility and effectiveness in supporting collaborative learning. The system was designed to
enable simultaneous interaction among students and teachers within a shared immersive
environment, allowing users to explore and discuss solar system concepts collectively rather
than individually. To support real-time interaction, a network architecture was developed to
ensure synchronization among multiple devices during the learning process [26]-[28]. As
illustrated in Figure 3, the system utilizes a centralized network configuration that enables
stable communication between users, allowing synchronized visualization and interaction
within the MR environment. This infrastructure plays a crucial role in enabling multiplayer

functionality, where users can interact with virtual objects and with each other in real time.

Modem -—

Router

1l ' 1l ,
- -

Player 1 Player 2
as Host/Client as Host/Client

Figure 3. Network architecture supporting real-time collaborative interaction in the MR-based

learning environment

The MR system provides an immersive visualization of the solar system, allowing users
to interact directly with planetary objects through intuitive gestures and shared exploration.
As shown in Figure 4, the MR environment enables users to observe planetary characteristics,
spatial relationships, and dynamic movements such as rotation and revolution. This interactive
visualization supports experiential learning, where abstract scientific concepts become more

concrete and easier to understand through direct manipulation.
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Figure 4. Immersive MR-based visualization of the solar system enabling interactive exploration

The implementation was carried out in a classroom setting involving both students and
teachers, where the system was used as a medium for collaborative learning activities. As
illustrated in Figure 5, students and teachers actively engaged in shared learning experiences,
including discussion, exploration, and explanation of solar system concepts within the MR
environment. This interaction demonstrates the practical feasibility of integrating MR
technology into classroom learning and highlights the transition from individual learning to

collaborative knowledge construction.

BETATE § APLIKAS!

Jon

Figure 5. Classroom implementation of MR-based learning showing collaborative interaction among
students and teachers
In addition to system implementation, teacher involvement played a significant role in
ensuring effective usage of the MR-based learning media. Teachers participated in initial
system familiarization and guided students during the learning process, facilitating interaction
and discussion. This involvement reflects the importance of teacher readiness in supporting

technology-enhanced learning environments, where teachers act not only as instructors but
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also as facilitators of collaborative learning. Overall, the implementation results indicate that
the MR-based learning media is both technically feasible and pedagogically effective in
supporting interactive and collaborative learning. The integration of immersive visualization,
real-time synchronization, and teacher facilitation creates a learning environment that
encourages active participation, enhances conceptual understanding, and promotes social
interaction among students, which is consistent with previous findings on collaborative

immersive learning environments [8], [10], [17].

3.4.Descriptive Analysis of Learning Outcomes

This section presents the quantitative and qualitative findings to evaluate the effectiveness
of the MR-based learning media in enhancing student learning outcomes. The analysis is based
on questionnaire responses from 37 students and 8 teachers, which were obtained after data
cleaning and validation. The descriptive analysis focuses on several key variables, including
learning motivation, conceptual understanding, usability, confidence, and student
engagement. These variables were selected to capture both cognitive and affective aspects of
the learning experience. The distribution of respondents is summarized in Table 2, showing

the composition of students and teachers involved in this study.

Table 2. Respondent Distribution

Respondent Number Proportion
Teachers 8 17.78%
Students 37 82.22%
TOTAL 45 100%

The results of teacher responses regarding the usability and effectiveness of the MR-based
learning media are presented in Table 3. Overall, teachers reported positive perceptions,
particularly in terms of system usability, relevance to learning objectives, and its ability to
support student interaction. These findings indicate that the system is feasible for classroom

implementation and aligns well with instructional needs.

Table 3. Teacher Responses on the Effectiveness of MR-based learning media

Very . Moderately Less Not
] . Appropriate . . .
Indicator Appropriate (%) Appropriate Appropriate Appropriate
(%) ° (%) (%) (%)

Ease of SOP usage 25.0 75.0 0 0 0
Suitability of 25.0 75.0 0 0 0
interaction features
Improvement of 375 625 0 0 0
teacher knowledge
Effectiveness in
improving student 50.0 50.0 0 0 0
understanding
Impact of multiplayer
features on student 50.0 50.0 0 0 0
engagement
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The results of teacher responses, as presented in Table 3, indicate a consistently positive
evaluation of the MR-based learning media. Most teachers rated the system as appropriate to
very appropriate across all indicators. The ease of using the Standard Operational Procedure
(SOP) and the suitability of interaction features were positively perceived by 75% of
respondents, indicating that the system is manageable within classroom settings. Furthermore,
62.5% of teachers reported an improvement in their technological knowledge after
participating in the implementation process, highlighting the role of the system in enhancing
teacher digital literacy. In terms of learning effectiveness, all teachers rated the system as
appropriate or very appropriate in improving student understanding and engagement. These
findings suggest that the MR-based learning media is not only technically feasible but also
pedagogically relevant for supporting interactive and collaborative learning.

Student responses further reinforce these findings, as shown in Table 4. The results
demonstrate consistently positive responses across all evaluated indicators, suggesting that
the MR-based learning media effectively enhances student motivation, conceptual
understanding, and engagement. The interactive features of the system allow students to

actively participate in the learning process, contributing to a more meaningful learning

experience.
Table 4. Student Responses on the Effectiveness of MR-based learning media
. Strongly
. Very Agree Neutral Disagree .
I D
ndicator Agree (%) (%) (%) (%) ‘if;g)ree
o
Learning enjoyment after using MR 67.6 32.4 0 0 0
Increased motivation to learn 64.9 35.1 0 0 0
Interest in future MR learning features 62.2 37.8 0 0 0
Understanding of planetary order 70.3 29.7 0 0 0
Ease of identifying planetary characteristics 64.9 35.1 0 0 0
Clarity of information presented 67.6 32.4 0 0 0
Confidence in explaining concepts 56.8 43.2 0 0 0
Comfort in discussion and interaction 62.2 37.8 0 0 0

The results of student responses, as presented in Table 4, indicate a consistently positive
perception of the MR-based learning media across all evaluated indicators. A majority of
students expressed strong agreement regarding their learning experience, particularly in terms
of conceptual understanding and engagement. The highest positive response was observed in
students” understanding of planetary order (70.3% strongly agree), followed by learning
enjoyment and clarity of information (67.6% strongly agree). These findings suggest that the
immersive and interactive features of the MR system effectively support students in
understanding abstract scientific concepts, as highlighted in prior immersive learning studies
(8], [29].

In addition, students reported increased motivation (64.9% strongly agree) and active
participation in discussions (62.2% strongly agree), indicating that the system promotes
engagement and collaborative learning, which aligns with previous research emphasizing the
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role of interactive technologies in enhancing student participation [10], [15]. Although slightly
lower, confidence in explaining concepts (56.8% strongly agree) still shows a strong positive
trend, suggesting that students are developing both cognitive understanding and
communication skills. Overall, the absence of negative responses across all indicators
highlights the effectiveness of the MR-based learning media in creating an engaging and
meaningful learning experience. To provide a more comprehensive evaluation, the mean

scores of each variable were calculated, as presented in Table 5.

Table 5. Mean Score of Student Responses Across Variables

Variable Mean Score (M) Interpretation

Motivation 4.43 Very High
Understanding 4.44 Very High
Usability 4.40 Very High
Confidence 4.05 High
Engagement 4.31 Very High
Overall 4.36 Very High

The results indicate that all variables fall within the high to very high category, with
conceptual understanding (M = 4.44) and learning motivation (M = 4.43) achieving the highest
scores. Usability (M = 4.40) and engagement (M = 4.31) also demonstrate strong positive
responses, indicating that the system is both accessible and engaging for students. Although
slightly lower, the confidence variable (M =4.05) still falls within the high category, suggesting
that students are generally confident in explaining solar system concepts after using the MR-
based learning media. Overall, the average score of 4.36 indicates that the MR-based learning
media is highly effective in supporting both cognitive and affective learning outcomes.

Students’ Confidence in Explaining Solar System Concepts

29,73%

24.32%

Moderate
= Confidence
= Very Confidence

45,95%

Figure 6. Distribution of Students” Confidence in Explaining Solar System Concepts (n = 37)

In addition to overall evaluation, student confidence in explaining solar system concepts
is further illustrated in Figure 6. The distribution shows that the majority of students

demonstrate high levels of confidence, indicating that the MR-based learning environment not
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only improves conceptual understanding but also supports communication and collaborative
learning skills, which are essential components of student-centered learning environments [2],
[30].

Figure 6 illustrates the distribution of students” confidence in explaining solar system
concepts after engaging with the MR-based learning media. The results indicate that the
majority of students demonstrate a high level of confidence, with 45.95% categorized as
confident and 29.73% as very confident. This suggests that the immersive and interactive
features of the MR environment effectively support students in developing not only conceptual
understanding but also the ability to communicate scientific knowledge. Meanwhile, 24.32%
of students fall within the moderate confidence category, indicating that although most
students benefit from the system, some still require additional support or repeated exposure
to fully develop their confidence. Nevertheless, the absence of low-confidence responses
reflects that the learning environment is generally supportive and encourages active
participation. Overall, these findings highlight that the MR-based learning media contributes
positively to students’ self-confidence, which is an essential component of collaborative

learning and active classroom interaction.

Teacher Perception on the Impact of Multiplayer Features
on Student Engagement (n = 8)

50%

= Very Appropriate = Appropriate Moderately Appropriate

Figure 7. Teacher Perception on the Impact of Multiplayer Features on Student Engagement (n = 8)

Figure 7 presents teachers’ perceptions regarding the impact of multiplayer features on
student engagement. The results indicate that half of the teachers (50%) rated the feature as
very appropriate, while 25% considered it appropriate and another 25% moderately
appropriate. This distribution suggests that although most teachers perceive the multiplayer
feature positively, there is still variation in perceived effectiveness, indicating opportunities
for further refinement and optimization of the system.

Overall, the findings demonstrate that the MR-based learning media provides a
meaningful learning experience by integrating immersive visualization with collaborative
interaction. This approach not only enhances students’ perceived learning outcomes but also
supports active participation and communication, reinforcing the role of MR as an effective

medium for collaborative learning in elementary education.
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4. Conclusion

This study presented the development and implementation of a Mixed Reality (MR)-based
solar system learning media with multiplayer features in an elementary school context. The
findings demonstrate that the proposed system effectively supports both cognitive and social
aspects of learning. From the students’ perspective, the MR-based learning environment
enhances motivation, conceptual understanding, engagement, and confidence in explaining
scientific concepts. From the teachers’ perspective, the system is perceived as usable, relevant
to instructional needs, and supportive of classroom interaction. A key contribution of this
study lies in the integration of immersive visualization with collaborative interaction through
multiplayer features, which transforms the learning experience from individual exploration
into a more participatory and interactive process. This approach enables students not only to
understand abstract concepts more effectively but also to actively engage in discussion and
knowledge sharing within a shared virtual environment.

Furthermore, the participatory-collaborative approach involving teachers throughout the
development and implementation stages ensures that the system is contextually relevant and
pedagogically meaningful. This involvement also contributes to improving teachers’
technological literacy and readiness in adopting immersive learning technologies in classroom
settings. These findings are consistent with previous studies indicating that immersive
technologies can enhance student engagement and understanding of abstract concepts, and
that collaborative features in XR-based learning environments can strengthen motivation and
social interaction [10]. In addition, teacher involvement plays a critical role in the successful
integration of immersive technologies in education [31]. In conclusion, the MR-based
collaborative learning media developed in this study demonstrates strong potential as an
effective approach to support interactive, engaging, and meaningful learning in elementary
education. Future work may focus on expanding the system to broader learning topics and

conducting longitudinal studies to evaluate long-term learning impacts.
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