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PAPER

Investigating the Role of Augmented Reality 
in Supporting Collaborative Learning in Science 
Education: A Case Study

ABSTRACT
This study investigates the application of augmented reality (AR) technology to facilitate 
collaborative learning in science education. The study involved 30 secondary school students 
in Kazakhstan, who were divided into an experimental group and a control group. The exper-
imental group utilized an AR platform to facilitate collaborative learning during their science 
lessons, while the control group received traditional teaching methods. The study aimed to 
investigate the impact of AR on students’ learning outcomes, communication and collabo-
ration skills, and overall satisfaction with science education. The research design involved 
pre- and post-tests, as well as a survey of students’ perceptions of the AR experience. The 
results indicated that the experimental group demonstrated statistically significant improve-
ment in their science test scores compared to the control group. Furthermore, the students 
in the experimental group reported a high level of engagement and satisfaction with the AR 
platform, along with enhanced communication and collaboration skills. The study suggests 
that AR technology has the potential to improve collaborative learning in science education 
and provides new opportunities for engaging students and enhancing their learning out-
comes. The findings have significant implications for educators interested in integrating AR 
technology into their teaching practices as well as for researchers exploring the use of AR in 
education. Further research is necessary to investigate the long-term effects of AR on learning 
outcomes and to determine the most effective methods for incorporating AR technology into 
science education.
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1	 INTRODUCTION

Augmented reality (AR) has become a popular term in the education sector due to 
its ability to provide innovative opportunities for enhancing teaching and learning 
experiences [1]. Collaborative learning, on the other hand, has been a cornerstone 
of modern pedagogy that emphasizes social interactions, group work, and active 
engagement to promote deep learning [2], [3]. Science education is a domain that 
could benefit from AR technology and collaborative learning strategies. AR offers stu-
dents the opportunity to visualize and interact with abstract concepts, while collabo-
rative learning facilitates knowledge exchange and promotes critical thinking [4], [5].

The aim of this study is to investigate the integration of AR technology into col-
laborative learning activities in science education and its impact on student engage-
ment, learning outcomes, and perception. Specifically, this study will seek to address 
the following research questions:

1.	 How does the use of AR technology impact student engagement in collaborative 
learning activities in science education?

2.	 What impact does the use of AR technology have on students’ learning outcomes 
in collaborative learning activities in science education?

3.	 What are the students’ perceptions of using AR technology in collaborative 
learning activities in science education?

4.	 What are the implications of utilizing AR technology in collaborative learning 
activities within science education?

The significance of this research lies in its ability to contribute to the development 
of effective instructional strategies that promote collaborative learning and facili-
tate the integration of AR technology in science education. This research could offer 
insights into the effectiveness of AR technology in promoting engagement, knowledge 
acquisition, and higher-order thinking skills in science education. Furthermore, the 
study could provide practical guidance for educators seeking to integrate AR tech-
nology into their teaching methods and foster collaborative learning. The remainder 
of the paper will include a literature review, methodology, results, and discussion, 
followed by a conclusion and recommendations for future research.

2	 LITERATURE REVIEW

Augmented reality has been utilized in diverse educational settings, such as sci-
ence education, to facilitate learning and involve students in meaningful activities. 
AR provides opportunities for students to visualize and interact with abstract con-
cepts, thereby enhancing their learning experience [6]. AR has been utilized in 
science education to facilitate various learning activities, including virtual exper-
iments, simulations, and 3D models [7–9]. AR is a technology that overlays virtual 
objects onto the real-world environment, offering an interactive and immersive 
experience for users. It has the potential to increase awareness, foster empathy, 
promote sensitization, and facilitate training [10]. In Kazakhstan, the use of AR in 
education has been recognized as a promising tool to enhance learning outcomes 
and engagement [11]. Several studies have examined the integration and impact of 
AR in education in Kazakhstan. For example, Temirgaliyev developed an AR-based 
mobile application for the book “Kazakhs.” “The Way of Ancestors” aims to enhance 
students’ engagement, motivation, and understanding of literary concepts [12].
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To address these challenges, several initiatives have been implemented to promote 
the use of AR in education in Kazakhstan. For example, the Ministry of Education 
and Science has developed a program to improve the quality of education. This pro-
gram includes the promotion of innovative and technology-based teaching methods, 
such as AR [13]. In addition, universities and schools have been encouraged to adopt 
AR-based learning strategies, such as gamification and interactive simulations, to 
improve students’ learning outcomes and engagement.

In conclusion, the literature suggests that AR can be a promising tool to improve 
learning outcomes and engagement in education in Kazakhstan. However, there are 
still challenges and limitations to its implementation, including the lack of suitable 
technology and resources. To address these challenges, researchers have been work-
ing to promote the use of AR in education worldwide, with a focus on improving 
the quality of education and fostering the adoption of innovative, technology-based 
teaching methods.

Collaborative learning is a teaching approach that emphasizes social interaction, 
communication, and cooperation among learners. Collaborative learning has been 
shown to enhance critical thinking, facilitate knowledge construction, and support 
the transfer of knowledge. In [14], Omirzak et al. explored the feasibility and per-
ceived effectiveness of collaborative learning through mobile phones for solving 
engineering problems among university students in Russia and Kazakhstan. The 
study suggests that careful development of mobile learning applications, online 
course plans, and remote lessons is required to enhance their effectiveness. The study 
underscores the potential of mobile learning for collaborative learning among stu-
dents and emphasizes the necessity for additional research and the development of 
effective mobile learning strategies.

Another study conducted in 2014 introduced an AR-based framework for col-
laborative e-learning activities on mobile devices. The framework includes a user-
friendly authoring tool that enables the integration of AR content with e-learning 
platforms as a plug-in resource. The AR content can be integrated into a real-life 
scenario visualizer to generate a series of scenes and events. Students can download 
the activities and play them in a multiplayer collaborative mode using their mobile 
devices. The study addresses the challenge of integrating AR applications into edu-
cation by proposing a distributed framework that is compliant with e-learning 
standards. However, the framework lacks geo-position awareness and a 3D recon-
struction module, which are essential for practical tutorials involving machinery. 
The framework enables the seamless integration of learning management systems 
(LMS) and AR to facilitate collaborative learning effectively [15].

The utilisation of AR technology in collaborative learning can offer students the 
opportunity to work together and learn from each other within a shared augmented 
space [16]. Several studies have explored the use of AR in collaborative learning in 
science education. Klopfer et al. [4] developed an AR-based science learning system 
that enabled students to collaboratively explore virtual objects and conduct exper-
iments. The study found that the AR system improved student engagement, knowl-
edge acquisition, and problem-solving skills. Similarly, Harrington et al. developed 
an AR-based physics learning system that allowed students to manipulate virtual 
objects and conduct experiments collaboratively [17]. The study found that the AR 
system enhanced students’ learning outcomes, motivation, and perception.

While previous studies have shown the potential of AR technology on mobile 
phones for collaborative learning in science education, there are still some limita-
tions and gaps in the existing research. First, most studies have focused on the use 
of AR in specific science topics or domains, such as physics or chemistry. There is 
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a need to investigate the generalizability of AR technology across different science 
domains. Secondly, there is a need for more empirical studies to investigate the 
impact of AR on collaborative learning outcomes, including knowledge acquisition, 
critical thinking, and transfer. Finally, there is a need for studies that investigate 
the impact of various factors, such as learner characteristics, instructional design, 
and technology affordances, on the effectiveness of AR in collaborative learning 
in science education. This paper aims to investigate the role of AR in supporting 
collaborative learning in science education, using a case study approach.

3	 METHODOLOGY

This study will utilise a case study research design to examine the impact of AR 
on facilitating collaborative learning in science education. The study will take place 
at the 85th School-Lyceum in Astana, Kazakhstan. This location was selected for its 
advanced infrastructure, supportive educational environment, collaborative cul-
ture, and convenient location. These factors make it suitable for investigating the 
role of AR in collaborative learning. The study’s findings provide valuable insights 
for the broader field of AR in science education. The participants will be selected 
using the purposive sampling technique.

The study will involve 30 students in grades 9 and 10 who are enrolled in a science 
course. They were purposefully selected for the study based on their developmental 
stage, technology proficiency, curricular relevance, and potential for effective collabo-
rative learning. The students will be divided into two groups: an experimental group 
and a control group. The experimental group will receive instruction using an AR-based 
collaborative learning environment, while the control group will receive instruction 
using a traditional collaborative learning environment. The students will be informed 
about the purpose of the study, and their informed consent will be obtained.

The study will consist of four sessions of collaborative learning activities in sci-
ence education. Each session will last 45 minutes. The AR-based collaborative learn-
ing environment will be developed using the AR virtual laboratory tool EdLab [18]. 
The environment will include virtual objects, simulations, and interactive activities 
that students can collaboratively manipulate and explore.

The collaborative learning activities will be designed based on the inquiry-based 
learning (IBL) approach, which emphasises student-centred, open-ended, and 
inquiry-based activities aimed at promoting critical thinking, problem-solving, 
and knowledge construction. The activities will align with the national science 
education standards.

The effectiveness of the AR-based collaborative learning environment in sup-
porting collaborative learning in science education will be assessed using multiple 
assessment tools. The evaluation tools will include:

1.	 Pre- and post-tests will be used to assess the students’ knowledge of the science 
topics. The tests will consist of multiple-choice and open-ended questions. 
The tests will be developed based on the learning objectives of the collaborative 
learning activities.

2.	 Observation: The students’ collaborative learning behaviours will be assessed 
using a checklist. The checklist will include items such as communication, 
cooperation, and critical thinking.

3.	 Questionnaires: The students’ perceptions of the AR-based collaborative learn-
ing environment will be evaluated through the use of a questionnaire. The 
questionnaire will include Likert-scale and open-ended questions.
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The data collected from the assessments will be analysed using descriptive and 
inferential statistics. The pre- and post-test scores will be compared using a t-test 
to assess the effectiveness of the AR-based collaborative learning environment 
in enhancing students’ knowledge acquisition. The observation checklist and the 
questionnaire data will be analysed using descriptive statistics to identify the pat-
terns and trends of collaborative learning behaviours and perceptions within the 
AR-based collaborative learning environment.

4	 RESULTS

The efficacy of the AR-based collaborative learning environment in facilitating 
collaborative learning in science education was evaluated through pre- and post-
tests, observations, and questionnaires. The results indicated that the experimental 
group outperformed the control group in terms of knowledge acquisition, collabo-
rative learning behaviours, and perceptions of the learning environment (Table 1). 
Values are presented as the mean ± standard deviation. *p < 0.05 indicates a signif-
icant difference between the experimental and control groups, as determined by 
an independent-samples t-test. This table displays the pre- and post-test scores of 
both the experimental and control groups, along with their collaborative learning 
behaviours and perceptions of the learning environment. The t-value indicates a sig-
nificant difference between the pre- and post-test scores of the experimental group 
but not the control group. The experimental group exhibited higher scores in collab-
orative learning behaviours and perceptions of the learning environment compared 
to the control group.

Table 1. Assessment results for AR-based collaborative learning in science education

Assessment Tool Experimental Group Control Group

Pre-Test Score (out of 10) 5.2 ± 1.3 5.0 ± 1.5

Post-Test Score (out of 10) 7.8 ± 1.2 5.2 ± 1.4

t-value 3.21* −0.18

Collaborative Learning Behaviors (out of 12) 9.6 ± 1.4 6.8 ± 1.7

Perceptions of Learning Environment (out of 15) 12.6 ± 1.7 10.3 ± 2.1

Specifically, the pre- and post-test scores of the experimental group demonstrated 
a significant improvement in knowledge acquisition (t = 3.21, p < 0.05), whereas the 
control group did not show any significant improvement. The observational data 
revealed that the experimental group demonstrated higher levels of communica-
tion, cooperation, and critical thinking compared to the control group. The question-
naire data revealed that the experimental group had a more favourable perception 
of the learning environment compared to the control group, especially in terms of 
engagement, interactivity, and enjoyment.

Several factors influence the effectiveness of the AR-based collaborative learning 
environment. The first factor was the design of the collaborative learning activities. 
The activities were designed using inquiry-based learning approach that empha-
sized student-centred, open-ended, and inquiry-based activities. The AR-based 
collaborative learning environment offered students the chance to manipulate 
and explore virtual objects, thereby boosting their engagement and motivation. 
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The second factor was the quality of the AR technology and platform. Edlab offers an 
AR tool that is user-friendly and intuitive interface for creating a collaborative learn-
ing environment. The virtual objects, simulations, and interactive activities were 
designed to align with the science education standards and the learning objectives 
of the activities.

To assess the effectiveness of using AR in collaborative learning in science edu-
cation, a survey was conducted among a group of students. The survey comprised 
several questions designed to evaluate the students’ experience with augmented 
reality, its influence on their learning, and their opinions on its incorporation into 
other courses. From the collected responses, the five clearest and most represen-
tative student answers were selected and compiled into a table. This table offers 
a concise overview of the students’ feedback on the use of augmented reality in 
collaborative science education (see Table 2). These responses shed light on the 
advantages and limitations of incorporating augmented reality into education, as 
well as its potential for broader implementation in other science courses. Overall, 
the survey results suggest that augmented reality has the potential to enhance 
collaborative learning and improve students’ understanding and retention of 
science concepts.

Table 2. Survey responses to closed-ended questions on the use of AR in collaborative learning in science education

Survey Question Student 
1 Response

Student 
2 Response

Student 
3 Response Student 4 Response Student 

5 Response

1.	How did you find the 
use of augmented reality 
in collaborative learning 
in science education? 
Was it helpful in 
enhancing your learning 
experience?

“I think it was really 
interesting”

“I liked the 
augmented 
reality aspect, 
it helped me 
understand the 
topic better.”

“The augmented 
reality experience 
was really unique 
and helped me to 
better visualize 
the tools.”

“I thought it was a really 
cool and easy way to 
learn and understand.”

“I found it 
really helpful 
and engaging, 
definitely 
enhanced 
my learning 
experience.”

2.	In what ways did 
augmented reality help 
you to better understand 
science concepts and 
apply them in real-
world contexts?

“It allowed me to 
see the concepts in a 
more concrete way 
and it made me feel 
like I am using a real 
life tools. However, 
I knew that it was 
virtual and there is 
no any harm from 
the tools”

“It helped me 
to visualize 
and use the 
voltmeter and 
ammeter in a 
way that made 
them easier to 
understand and 
remember.”

“I was shocked 
when all the wires 
were connected and 
at the end when 
the light turned on 
and the measuring 
equipment’s showed 
the numbers.”

“I think now I know 
how to use and connect 
all the wires with 
the ammeters and 
voltmeters even if I did 
not even touch them in 
real life.”

“I felt myself like 
in the video game 
and it would be 
great to see how 
these tools would 
work in real life.”

3.	Did you find the 
collaborative learning 
aspect of the augmented 
reality experience 
to be engaging and 
productive? How 
did it enhance your 
communication, 
cooperation, and critical 
thinking skills?

“Yes, working with 
others helped to 
understand the topic 
better and improve 
my critical thinking 
skills, as others were 
asking questions 
that I would never 
think of.”

“I thought it was 
really helpful 
to work with 
others and 
bounce ideas off 
each other.”

“It was really 
engaging to work 
together and come 
up with solutions as 
a team. We firstly 
even argued very 
much, but later we 
could use all the 
ideas created during 
the dispute”

“Initially it was quite 
weird to work in one 
tab. But collaboration 
helped me to develop my 
communication skills.”

“I would 
appreciate if 
teacher provides 
such innovative 
methods for 
teaching, because 
it makes the lesson 
enjoyable and 
interesting.”

(Continued)
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Survey Question Student 
1 Response

Student 
2 Response

Student 
3 Response Student 4 Response Student 

5 Response

4.	Were there any 
technical issues or 
limitations that affected 
your experience with 
augmented reality in 
collaborative learning? 
If so, please describe.

“Sometimes the app 
would lag or the 
tracking wouldn’t 
work properly, but 
overall it was a 
smooth experience.”

“Sometimes you 
had to slow, 
but it wasn’t a 
major issue.”

“Sometimes, when 
I tried to connect 
the wires, the wires 
went crazy, that is 
why I had to restart 
the whole app.”

“There were a few 
glitches, that could be 
resolved by restarting. 
But they didn’t impact 
the overall learning 
experience.”

“There were some 
technical issues, 
that requires some 
improvement in 
the future.”

5.	Do you feel that the use 
of augmented reality in 
collaborative learning 
should be integrated 
into other courses in 
science education? Why 
or why not?

“Yes, it was a really 
unique and effective 
way to learn that 
I think could be 
applied to other 
science courses.”

“Definitely, 
it made the 
learning 
experience more 
engaging and 
memorable.”

“Yes, it’s a good 
way to improve the 
learning experience 
and make it more 
interactive.”

“Yes, I think it would 
be beneficial to apply 
this approach to 
other courses.”

“I think it could be 
a great addition 
to other science 
courses, as it was 
very effective 
in helping me 
understand 
the topic.”

In the survey with closed-ended answer options, participants were asked five 
questions about their experience with AR in collaborative learning in science 
education. The questions were formulated to evaluate the efficacy of utilising AR to 
enhance students’ comprehension of science concepts, improve their communica-
tion and collaboration skills, and boost their engagement with the subject matter. 
Participants were asked to select from a predetermined set of answer options for 
each question, which ranged from a scale of 1–5 to simple “yes” or “no” responses. 
The survey aimed to gather quantitative data that could be analysed and presented 
in the form of charts or graphs to offer a clear overview of the students’ feedback 
on the use of AR in collaborative learning in science education. The closed-ended 
survey questions helped standardise the data collection process, making it easier 
to quantify and compare the responses from different participants. The list of ques-
tions is presented in Table 3, and all the responses can be found in Figures 1–5.

Table 3. Survey questions and answer options on the use of augmented reality  
in collaborative learning in science education

Survey Questions Answer Options

Q1. Did you feel that the use of augmented reality 
in collaborative learning helped you to better 
remember the science concepts you learned?

1 = Not helpful at all / 2 = Slightly helpful / 
3 = Moderately helpful / 4 = Very helpful / 
5 = Extremely helpful

Q2. On a scale of 1–5, how well did the augmented 
reality platform work during the collaborative 
learning sessions?

Yes / No / Not sure

Q3. How much did the use of augmented 
reality enhance your communication and 
collaboration skills?

Yes, it was very engaging and productive / It was 
somewhat engaging and productive / No, it was not 
engaging or productive

Q4. Did the augmented reality experience make 
science education more enjoyable for you?

Yes, there were significant technical issues / There 
were some technical issues, but they did not 
significantly affect my experience / No, there were 
no technical issues

Q5. Would you like to see more opportunities for 
augmented reality use in science education in 
the future?

Yes, I think it would be beneficial / Maybe, it 
depends on the context and specific use cases / No, 
I do not think it is necessary or helpful

Table 2. Survey responses to closed-ended questions on the use of AR in collaborative learning in science education (Continued)
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Fig. 1. Question 1 responses

The participants’ responses varied on a scale of 1–5 regarding the helpfulness 
of AR in collaborative learning. Six participants found AR to be very helpful, while 
three participants perceived it as extremely helpful, suggesting that AR positively 
influenced their learning experience. Additionally, four participants considered 
AR to be moderately helpful, and two participants found it to be slightly helpful. 
Importantly, no participants reported AR to be unhelpful at all.

Fig. 2. Question 2 responses

The majority of participants (12 of them) reported that AR helped them better 
understand scientific concepts and apply them in real-world contexts. This posi-
tive response indicates that AR technology had beneficial effect on the participants’ 
understanding and practical application of scientific principles. However, a small 
number of participants (one of them) stated that AR did not contribute to their 
understanding of science concepts, while two participants were unsure about the 
impact of AR on their comprehension.

Fig. 3. Question 3 responses
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Most participants (eight of them) found the collaborative learning aspect of the 
AR experience to be highly engaging and productive. This positive feedback suggests 
that AR technology improved the participants’ level of engagement and facilitated 
productive collaboration with their peers. Additionally, five participants found the 
collaborative learning aspect somewhat engaging and productive. However, two 
participants did not find the collaborative learning aspect of AR to be engaging or 
productive.

Fig. 4. Question 4 responses

Only one participant reported experiencing significant technical issues that 
affected their experience with AR in collaborative learning. However, the majority 
of participants did not encounter any technical issues while using AR in collabora-
tive learning. Additionally, six participants encountered technical problems during 
the collaborative learning sessions, but these issues did not significantly impact their 
overall experience.

Fig. 5. Question 5 responses

The majority of participants (10 of them) expressed a strong interest in integrat-
ing AR into other science courses. This enthusiastic response indicates a high level 
of acceptance and openness to using AR technology as a valuable tool in science 
education. Three participants expressed a willingness to consider integrating AR 
into other science courses depending on the course content and context, while two 
participants expressed a lack of interest in using AR technology for collaborative 
learning in other science courses.

The findings of this study indicate that incorporating AR technology into collab-
orative learning in science education can improve students’ knowledge acquisition, 
collaborative learning behaviours, and perceptions of the learning environment. 
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The findings of this study have implications for science educators who wish to 
integrate AR technology into their teaching methods and encourage collaborative 
learning. Further research is needed to explore the applicability of the findings and 
the influence of various factors on the efficacy of AR-based collaborative learning in 
science education.

5	 DISCUSSION

The study aimed to investigate the role of AR in supporting collaborative learning 
in science education, with a focus on a case study approach. The findings offer valu-
able insights into the effectiveness of AR technology in improving students’ engage-
ment, learning outcomes, and perceptions during collaborative learning activities.

•	 Impact on student engagement: The study results suggest that the integration 
of AR technology in collaborative learning activities has a positive impact on stu-
dent engagement. By offering interactive and immersive experiences, AR enabled 
students to visualise and interact with abstract scientific concepts, leading to 
heightened interest and active participation during learning sessions. This is con-
sistent with previous research on the potential of AR to improve engagement in 
educational settings.

•	 Improvement in learning outcomes: The study demonstrates that the 
AR-based collaborative learning environment resulted in enhanced learning out-
comes for students. By facilitating a deeper understanding of scientific concepts 
and their real-world applications, AR technology effectively supports knowledge 
acquisition and retention. The interactive nature of AR experiences likely con-
tributed to improved learning experiences, fostering higher-order thinking skills 
and problem-solving abilities.

•	 Perceptions of AR technology in collaborative learning: The study’s findings 
suggest that students had positive perceptions of AR technology in collaborative 
learning. Students preferred an AR-based learning environment because of its 
innovative and engaging nature compared to traditional methods. This positive 
perception could motivate educators to consider integrating AR technology into 
science education.

•	 Implications and recommendations: The study’s findings provide valuable 
guidance for educators who are looking to integrate AR technology into collab-
orative learning. Designing collaborative activities that align with educational 
standards and learning objectives ensures meaningful learning experiences. 
Selecting high-quality AR technology and user-friendly platforms enhances 
accessibility and ease of integration for both students and educators. Effective 
training and support in the use of AR technology and collaboration facilitate a 
seamless transition to the AR-based learning environment.

•	 Limitations: It is essential to acknowledge certain limitations in this study. Firstly, 
the case study approach with a limited number of participants may limit the 
applicability of the findings to other student populations or educational settings. 
Secondly, the duration of the study may have affected the depth of understand-
ing of the long-term effects on learning outcomes. Thirdly, external factors such 
as students’ previous exposure to AR technology and their individual learning 
preferences might have influenced the outcomes.

•	 Future research: While the findings show promising results, further research 
is recommended to investigate the applicability of these findings to larger and 
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more diverse student populations. Furthermore, exploring the influence of fac-
tors such as content design, various AR platforms, and educator facilitation could 
provide more profound insights into optimizing the advantages of AR technology 
in collaborative science education.

6	 CONCLUSION

This study aimed to investigate the role of AR in supporting collaborative learning 
in science education using a case study approach. The study involved 30 students in 
grades 9 and 10, who were divided into an experimental group and a control group. 
The experimental group received instruction using an AR-based collaborative learn-
ing environment, while the control group received instruction using a traditional 
collaborative learning environment. The study found that the AR-based collabora-
tive learning environment was more effective in improving students’ knowledge 
acquisition, collaborative learning behaviours, and perceptions of the learning 
environment compared to the traditional collaborative learning environment.

The findings of this study have significant implications for science educators seek-
ing to integrate AR technology into their teaching methods and foster collaborative 
learning in science education. First, educators should develop collaborative learning 
activities that align with the national science education standards and the learning 
objectives of the activities. Second, educators should utilise high-quality AR technology 
and platforms that offer a user-friendly and intuitive interface for creating a collabora-
tive learning environment based on AR. Third, educators should offer sufficient train-
ing and support to students on how to utilise AR technology and collaborate effectively.

Overall, the findings of this study suggest that AR technology can be a promising tool 
to facilitate collaborative learning in science education. AR technology can offer stu-
dents the opportunity to visualise and interact with abstract concepts, while collabora-
tive learning can facilitate knowledge exchange and promote critical thinking. Further 
research is needed to explore the applicability of the findings and the influence of 
various factors on the efficacy of AR-based collaborative learning in science education.
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