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 This study aims to examine the role of STEM-integrated Virtual Reality (VR) and 
Augmented Reality (AR) learning in enhancing students’ critical thinking skills. 
Critical thinking is an essential competency, particularly in STEM disciplines, 
where students are required to analyze information, evaluate evidence, and solve 
complex problems. However, international assessments suggest that students’ 
critical thinking abilities remain relatively underdeveloped, especially in subjects 
such as chemistry, where many concepts are abstract and difficult to visualize. A 
quasi-experimental one-group pretest–posttest design was employed to evaluate 
students’ critical thinking skills. Participants completed a pretest prior to engaging 
with the STEM-AR/VR learning intervention and a posttest afterward to measure 
any changes in performance. The results indicated a statistically significant 
improvement in students’ critical thinking skills, with overall significance (2-
tailed) values below 0.05. These findings contribute to the growing body of 
research on immersive educational technologies and highlight the potential of 
STEM-integrated VR/AR learning environments to support higher-order thinking 
skills. As it includes features such as chemistry concept applications, a mobile-
based self-learning module, engagement in iterative design, testing, and 
refinement processes,  use of quantitative reasoning and data analysis to justify 
and evaluate solutions, and the use of AR/VR tools to visualize abstract chemical 
phenomena. It also provides insights into their role in fostering critical thinking in 
STEM education, with implications for curriculum design and educational policy. 

Keywords: STEM education, VR/AR, critical thinking, chemistry, learning, virtual 
reality, thinking skills 
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INTRODUCTION 

Critical thinking is a fundamental skill that students need to thrive in an increasingly 
complex and interconnected world. It reflects their ability to think clearly, logically, and 
rationally when analyzing information and making decisions (Fitriani et al., 2020). 
Despite its importance, research consistently shows that students’ critical thinking skills 
remain underdeveloped, particularly in STEM (Science, Technology, Engineering, and 
Mathematics) disciplines. Large-scale international assessments highlight this concern. 
For example, the Trends in International Mathematics and Science Study (TIMSS) 
reports that many countries continue to face challenges in fostering students’ critical 
thinking abilities (Retiyanto et al., 2023). Similarly, the Programme for International 
Student Assessment (PISA) has emphasized persistent gaps in students’ capacity to 
apply scientific knowledge and engage in higher-order thinking when solving real-
world problems (Utami et al., 2017). For example, the result of the International 
Mathematics and Science Study (TIMSS) (2007) revealed that 20% of Malaysian 
students failed to achieve minimum standard in science compared to 5% for four years 
ago (Sukor et al., 2010).  

The profile of students’ Higher-Order Thinking Skills (HOTS) among Malaysian 
students remains relatively low and is still below the benchmark set by the Malaysian 
Ministry of Education (Nor Suhaily et al., 2020). Assessing students’ critical thinking is 
essential, as it reflects their level of learning competency and overall academic 
achievement (Wahyudi et al., 2023). Research shows that students particularly struggle 
with the evaluation aspect of critical thinking. Many are unable to critically assess their 
own ideas or justify processes such as compound formation in chemistry (Saidin et al., 
2024). Similarly, Mahmood and Othman (2020) reported that students generally 
demonstrate only a moderate level of critical thinking, especially in evaluation, analysis, 
justification, and flexibility. This limited development of critical thinking negatively 
affects their conceptual understanding. Instead of deeply comprehending and applying 
knowledge, many students rely on memorization. As a result, they often struggle to 
transfer what they have learned to different contexts or respond effectively to new 
situations (Rusli et al., 2024). In addition, the similar findings were found by Utami et 
al. (2018), most students have weak critical thinking when they deal with problems 
required  analysis, evaluation, explanation, and self-regulation. Therefore, students’ 
critical thinking needs to improve.  

The development of students’ critical thinking has become a central goal of STEM 
education, as it is a foundational skill that bridges education and future careers (Gillies, 
2015; Gomez & Albrecht, 2014). It also enables students to transform knowledge into 
meaningful products and practical innovations (Çınar et al., 2016). Critical thinking 
involves the ability to analyze, evaluate, interpret, and apply information in a logical 
and coherent manner (Facione, 2013). These skills are essential not only for academic 
achievement but also for solving real-world problems effectively. Moreover, students’ 
critical thinking abilities often reflect the quality of their communication and 
collaboration during the learning process (Purnomo et al., 2021). 
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In the past eight years,  the interconnection of STEM education and critical thinking has 
been studied (Hacıoğlu & Gülhan, 2021; Ikhsan et al., 2025; Nguyen et al., 2019; Mater 
et al., 2020; Pertiwi et al., 2024; Putri & Istiyono, 2017; Topsakal et al., 2022; Yaki, 
2022). This indicates that STEM education has important role to promote higher-order 
cognitive processes, as it integrates science, technology, engineering, and mathematics. 
Learning activities in STEM education make it easy for students to integrate multiple 
academic subjects to solve everyday problems systematically, following the engineering 
design process under constraints. Students will be able to identify problems and develop 
various approaches to solve them in appropriate way (Puchongprawet & Chantraukrit, 
2022). The previous studies have shown that STEM-based learning has strong potential 
to enhance critical thinking, but the existing evidences still leave theoretical and 
empirical gaps that require further research. First, the literature confirms that current 
STEM practices in educational settings still need improvement, while there is a need to 
more conclusively understand their impact on student learning outcomes (Hacıoğlu & 
Gülhan, 2021). Second, even when STEM is studied for critical thinking, specific 
limitations remain—for example, the lack of studies explicitly targeting STEM-oriented 
programs at various levels of education (Nguyen et al., 2019).  

Similarly, various forms of technology-based teaching materials used in STEM 
education (such as interactive e-modules, digital learning videos, and educational 
robotics) have been shown to improve students’ learning outcomes and enhance their 
critical thinking skills (Rahmi et al., 2025). However, despite the important role of 
technology in supporting STEM education, significant challenges remain in integrating 
it effectively into classroom practice. A systematic literature review by Rahmi et al. 
(2025) found that between 2020 and 2024, the integration of ICT tools capable of 
presenting sub-microscopic representations (such as augmented reality (AR)) has 
gained increasing attention, particularly in helping students better visualize abstract 
scientific concepts. Additionally, virtual reality (VR) is very limited, where previous 
research only integrated technology in the form of e-modules, e-worksheets, and e-
books. This is also supported by a systematic review conducted by Nasution et al. 
(2025) where in the period 2020-2025, interactive e-modules and digital video media 
were the most popular in the implementation of STEM education. 

Similarly, various forms of technology-based teaching materials used in STEM 
education (such as interactive e-modules, digital learning videos, and educational 
robotics) have been shown to improve students’ learning outcomes and enhance their 
critical thinking skills (Rahmi et al., 2025). However, despite the important role of 
technology in supporting STEM education, significant challenges remain in integrating 
it effectively into classroom practice. A systematic literature review by Rahmi et al. 
(2025) found that between 2020 and 2024, the integration of ICT tools capable of 
presenting sub-microscopic representations such as augmented reality (AR) has gained 
increasing attention, particularly in helping students better visualize abstract scientific 
concepts. VR immerses students in fully virtual environments, while AR enhances the 
physical world by overlaying digital content; both offer students the chance to engage 
with complex, abstract concepts in a way that traditional classroom methods cannot 
(Alkhabra et al., 2024). 
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Studies have demonstrated that VR and AR not only enhance student engagement and 
motivation but also promote critical thinking by encouraging higher-order skills such as 
analysis, evaluation, and problem-solving. For instance, in chemistry context, VR can 
simulate chemical reactions and molecular interactions, which are difficult to visualize 
using traditional teaching methods. Similarly, AR enables students to interact with 
digital models of chemical structures that are superimposed onto the physical world, 
promoting a deeper understanding and more meaningful critical analysis of the material 
(Crogman et al., 2025). Through this active engagement, students are encouraged to 
question, explore, and reflect—rather than simply receiving information passively. 

One of the challenges in teaching critical thinking in chemistry is in terms of matter's 
abstract nature. Concepts such as molecular behaviour and chemical processes are 
difficult for students to understand through traditional methods. It needs  to provide AR 
and VR provide students with real-time, interactive experiences that make abstract 
concepts more concrete and easier to understand (Cahyana et al., 2018). By visualizing 
complex ideas in a more tangible way, students can build stronger conceptual 
foundations. In addition, these technologies offer the flexibility to learn anytime and 
anywhere, which is essential for nurturing critical thinking beyond the traditional 
classroom setting. Students can revisit challenging materials, explore additional 
resources, and reflect on their learning independently. This autonomy encourages 
deeper understanding and strengthens their ability to think critically (Cahyana et al., 
2018). As a result, the role of AR and VR in enhancing critical thinking is increasingly 
recognized around the world. Educators are exploring how these immersive 
technologies can promote collaboration, and problem-solving skills, which are vital in 
today's interconnected world (Kormakova et al., 2021).  

Therefore, despite the extensive research on technology integration in STEM education, 
there is still a gap in exploring how AR and VR can enrich this learning process. More 
in-depth research is needed to explore the potential of these technologies in enhancing 
critical thinking skills, which in turn can prepare students to face real-world challenges 
more effectively. The novelty of this study lies in its deeper focus on the use of AR/VR 
in STEM learning, which is still limited in existing research. With broader AR/VR 
integration, this study aims to contribute to the development of more effective and 
engaging learning strategies that can directly improve students' critical thinking skills. 

Literature Review 

The integration of AR/VR in learning has been studied widely for the past 5 years. The 
following Table 1 shows recent studies in the use of AR/VR in learning. 
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Table 1 
Recent studies of AR/VR in learning 
No Authors Year Title Purpose of Study Main Findings 

1 Hu, et al. 2020 Construction and 
Application of VR / AR-
based STEAM Curriculum 

System in Primary and 
Middle Schools 

To build a VR/AR-based STEAM 
curriculum system using big data 
analysis to support virtual 

learning environments. 

VR/AR effectively creates simulated 
learning situations that solve issues of 
cost and operational safety in real 

experiments. 

2 Aw et al. 2020 Interacting with Three-

Dimensional Molecular 
Structures Using an 
Augmented Reality Mobile 
App 

To develop the "NuPOV" AR app 

to help university students 
understand the spatial 
visualization of reaction 
mechanisms. 

The NuPOV app was well-received 

and increased students' confidence in 
understanding reaction mechanisms 
independently. 

3 Broyer 
et al. 

2021 Using Virtual Reality to 
Demonstrate Glove 
Hygiene in Introductory 

Chemistry Laboratories 

To discuss the use of VR to teach 
laboratory safety, specifically 
glove hygiene, to introductory 

students. 

VR provides realistic lab experiences 
for students with limited physical 
access, though technical issues like 

nausea need improvement. 

4 Kormak
ova et al. 

2021 Application of VR/AR 
Technologies in Secondary 

General Education. 
Problems and Prospects 

To analyze the possibilities and 
benefits of using VR/AR 

technologies in the general 
secondary education process. 

Large-scale research shows VR 
increases positive emotions and 

student involvement, though 
hardware costs remain a challenge. 

5 Tarng et 

al. 

2022 Application of Augmented 

Reality for Learning 
Material Structures and 
Chemical Equilibrium in 
High School Chemistry 

To develop an AR system using 

cards to help students perform 
virtual experiments and 
submicroscopic visualizations. 

The AR system is more effective than 

traditional methods, especially for 
low-achievement students, and 
improves learning motivation. 

6 Zafarin 
& Chew 

2024 Virtual Reality (VR) in 
Chemistry Learning for 
Secondary Schools 

Students 

To develop a VR application 
using Unity to help secondary 
students understand complex and 

abstract chemical concepts. 

The application significantly 
enhances student understanding and 
provides a safe, interactive laboratory 

experience. 

7 Makinde 
& 

Oyeniyi 

2024 The Roles of Emerging 
Technology in Chemistry 

Teaching and Learning for 
a Sustainable Development 

To examine the relevance of 
integrating emerging technologies 

(AI, AR, VR) into the chemistry 
curriculum to improve learning 
outcomes and sustainability. 

Technology integration modernizes 
education, increases inclusivity, and 

prepares a new generation of 
scientists. 

8 Hu-Au 2024 Learning Abstract 
Chemistry Concepts with 
Virtual Reality: An 
Experimental Study 

To investigate the effect of VR 
intervention timing (Pre-lab vs. 
Integrated) and embodiment 
levels on learning abstract 

chemistry concepts. 

Integrating interventions within lab 
simulations is more effective than 
pre-lab; however, physical 
manipulatives remain highly effective 

for overall learning. 

9 Amirbek
ova et al. 

2024 Teaching chemistry in the 
metaverse: the 

effectiveness of using 
virtual and augmented 
reality for visualization 

To investigate the effectiveness of 
VR/AR visualization in the 

metaverse on student motivation 
and competency development. 

VR/AR technologies have advantages 
over traditional programs in terms of 

increasing motivation, self-
management, and self-actualization. 

10 De 
Lorenzis 
et al. 

2024 Combining virtual reality 
with asymmetric 
collaborative learning: a 
case study in chemistry 

education 

To investigate the impact of 
asymmetric collaborative learning 
(VR vs. desktop) on the 
acquisition of chemistry 

knowledge. 

The collaborative approach provides 
advantages in theoretical knowledge 
acquisition, but limited VR exposure 
may hinder practical skills. 

11 Machfud
in et al. 

2025 Evaluating Student 
Learning Outcomes in 

Virtual Reality Adaptive 
Chemistry 

To evaluate the effectiveness of a 
VR-based adaptive learning 

application in improving student 
understanding of chemical 
compounds. 

VR adaptive learning is effective in 
preventing "learning loss" and 

significantly enhances conceptual 
understanding compared to traditional 
methods. 

12 Tran et 
al. 

2025 ChemersiveLLM: Prompt-
to-VR Simulation of 
Chemistry Experiments 
Using Generative AI 

To introduce a VR platform that 
leverages Large Language Models 
(LLMs) to automatically generate 
chemistry experiment content 

based on user prompts. 

ChemersiveLLM outperforms 
traditional methods and chatbots in 
terms of engagement, comprehension, 
and user satisfaction. 

13 Bajrami 
et al. 

2025 Exploring the Impact of 
VR and AR Integration in 

Learning Management 

To conduct a comparative 
analysis of four XR educational 

platforms: TinkerCad, Delightex, 

Each platform meets different 
educational needs such as molecular 

visualization vs. classroom 
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Systems MolecularWebXR, and 
ENGAGE. 

collaboration and increases 
motivation and knowledge retention. 

Recent studies summarized in Table 1 highlight the growing potential of VR/AR 
technology in education, particularly in chemistry learning. VR/AR can effectively 
simulate laboratory experiences, helping to overcome the cost and safety constraints 
associated with real-life experiments (Hu et al., 2020; Zafarin & Chew, 2024). In 
addition, adaptive VR platforms have been shown to reduce learning loss and improve 
students’ conceptual understanding compared to traditional instructional methods 
(Machfudin et al., 2025). Applications such as the NuPOV app increase students' 
confidence in independently understanding reaction mechanisms (Aw et al., 2020), and 
collaborative VR/AR approaches support the acquisition of theoretical knowledge. 
However, limited exposure can limit the development of practical skills (De Lorenzis et 
al., 2024). Large-scale studies report that VR enhances positive emotions, student 
engagement, motivation, and self-management, despite hardware and technical 
challenges such as nausea and cost (Kormakova et al., 2021; Amirbekova et al., 2024). 
Broyer et al. (2021) also found that VR provides realistic lab experiences for students 
with limited physical access 

AR systems have shown particular effectiveness for low-achieving students, as they can 
increase engagement and learning motivation (Tarng et al., 2022). In addition, modern 
platforms such as ChemersiveLLM have been reported to outperform traditional 
teaching methods and even standard chatbots in terms of engagement, conceptual 
understanding, and user satisfaction (Tran et al., 2025). Research also suggests that 
integrating VR/AR interventions directly into laboratory simulations tends to be more 
effective than using them solely for pre-laboratory activities. Nevertheless, physical 
manipulatives remain important to ensure holistic and hands-on learning experiences 
(Hu-Au, 2024). Overall, the integration of technology continues to modernize education 
and expand opportunities for more meaningful and interactive learning. It increases 
inclusivity, and prepares a new generation of scientists (Makinde & Oyeniyi, 2024). VR 
and AR integration in the classroom can also improve motivation and knowledge 
retention (Bajrami et al., 2025). 

Despite these positive results, most studies focus on student learning performance rather 
than explicitly supporting critical thinking in instructional design, highlighting a gap in 
integrating AR/VR with pedagogical frameworks that emphasize critical thinking 
processes in STEM learning. 

METHOD 

Research Design 

This study employed a quasi-experimental one-group pretest-posttest design. This 
design is a commonly used method in educational research to evaluate the initial 
effectiveness of instructional interventions (Creswell, 2009). In this design, a single 
group of participants was assessed before (pretest) and after (posttest) being exposed to 
the intervention. By comparing the pretest and posttest results, the researchers could 
observe any changes that occurred because of the intervention. 



 Nursiwan, Ibrahim & Surif       219 

International Journal of Instruction, October 2026 ● Vol.19, No.4 

Intervention Procedure 

This intervention was conducted over six weeks and covered four instructional units, 
along with a pretest and posttest. In the first week, all students completed a critical 
thinking pretest. The results were also used to organize students into groups. Beginning 
in the second week, students participated in STEM-integrated AR/VR learning 
activities. At the end of the intervention, all students completed a posttest to measure 
changes in their critical thinking skills. In addition, students’ reflections were collected 
to further explore their engagement and development in critical thinking throughout the 
learning process. 

Design of STEM-Integrated VR/AR Learning Activities 

The learning activities designed in this study based on STEM education integrated with 
AR/VR. The students were required to engaged with problem-solving tasks given.   

- Science: The students explored core chemistry concepts and implemented to tasks 
given 

- Technology: The students accessed the learning activities using mobile phone/tablet 
(e-self-learning module) 

- Engineering: The students engaged in iterative design tasks, testing and refining 
solutions to STEM-related problems 

- Mathematics: Quantitative reasoning and data analysis were required to justify 
design decisions and evaluate outcomes 

- AR/VR: AR/VR tools were used to visualize abstract phenomena 

The learning activities were in forms of self-directed learning units, allowing students to 
progress through tasks at their own pace while in guided reflection prompts designed to 
elicit critical thinking process. 

Research Samples 

This study involved 36 secondary school students who participated in a STEM program 
integrated with AR/VR, designed to enhance their critical thinking skills. The students 
were divided into small groups, and their engagement was closely monitored throughout 
the intervention. To gain deeper insights into how the program influenced students’ 
critical thinking processes, three students were selected for in-depth interviews using 
the Think Aloud Protocol (TAP). Through TAP activities, researchers were able to 
observe how students articulated their reasoning, analyzed problems, and made 
decisions while working through the tasks verbalized their thinking during problem-
solving tasks, which provided valuable qualitative data regarding their cognitive 
processes. 

Data Collection 

In this study, Open-Ended Questions (pre-test and post-test) and a Think-Aloud 
Protocol were used. These instruments were designed to effectively gather both 
quantitative and qualitative data to assess the impact of the intervention on students' 
critical thinking. 
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Open-Ended Questions (Critical Thinking Test) 

Open-ended questions were used in both the pretest and posttest to evaluate 
participants’ critical thinking skills before and after the intervention. The pretest served 
to establish a baseline of students’ knowledge and abilities, while the posttest measured 
any changes or improvements following their exposure to the intervention. The use of 
open-ended questions was intended to elicit detailed responses, enabling the researchers 
to gain deeper insights into students’ thought processes, reasoning patterns, and 
conceptual understanding of the subject matter. In this study, the questions were 
designed to reflect critical thinking indicators adapted from Putri et al. (2018). The tests 
consisted of six questions, reflecting six indicators of critical thinking namely: analysis, 
interpretation, conclusion, evaluation, explanation, and self-regulation. The test was 
developed and validated with ICC value of 0.78, indicating good reliability. The 
following is the example of open-ended question in this study. 

 
Figure 1 
Open-ended question (example)  

Think Aloud Protocol (TAP) 

The Think Aloud Protocol (TAP) was used to collect qualitative data on participants’ 
experiences and perceptions of the intervention. It included structured questions to 
ensure consistency across participants, while still allowing flexibility to explore 
individual perspectives in greater depth. This approach provided a more comprehensive 
understanding of how the intervention influenced students’ learning processes. The 
TAP instrument was developed and validated by experts, achieving an ICC value of 
0.75, which indicates good reliability. Table 2 presents the list of questions used in the 
TAP sessions. 
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Table 2 
List of question asked in TAP activities 
Indicator Questions 

Analysis How do you analyze this problem?  

Interpretation How do you interpret the information you received? 

Conclusion Based on your analysis, how do you draw the main conclusion from this situation? 

Evaluation What could be improved in the process you just went through? 

Explanation How do you explain the relationships between the elements you considered during 
the problem-solving process? 

Self-Regulation How do you evaluate your progress in solving this problem? 

Together, these research instruments enabled the collection of both qualitative and 
quantitative data, facilitating a thorough analysis of the learning module's effectiveness 
in enhancing participants' critical thinking skills. 

Data Analysis 

To analyze the data, a scoring rubric was used to determine students’ levels of critical 
thinking. The scores varied according to specific indicators of critical thinking. The 
rubric was developed and validated by the researchers to ensure its appropriateness and 
clarity. It achieved an item-level Content Validity Index (I-CVI) of 1.00, indicating 
excellent content validity. Table 3 presents the detailed scoring rubric used in this study.  

Table 3 
Rubric of scoring 
Indicator Score 4 Score 3 Score 2 Score 1 Score 0 

Analysis The student accurately identifies 
all key components and clearly 

explains scientific cause–effect 
relationships. 

The student 
identifies key 

components and 
explains 
relationships with 
minor gaps. 

The student 
identifies some 

components, but 
explanations are 
partial or 
conceptually weak. 

Limited analysis 
or lack 

understanding of 
conceptual 
relationships. 

No 
answered 

 

Interpretation The student accurately interprets 
data/conditions and logically 
connect them to colloid and 

chemical reaction concepts. 

The student’s 
interpretation is 
mostly correct but 

lacks full 
conceptual 
integration. 

Partially correct 
interpretation with 
minor 

misconceptions. 

Interpretation is 
inaccurate or not 
scientifically 

grounded. 

No 
answered 

Conclusion The student draws clear, logical 
conclusions fully supported by 
analysis and chemical principles. 

The student’s 
conclusion is 
logical but not fully 
supported with 

strong reasoning. 

Conclusion is 
weakly supported or 
partially 
inconsistent with 

analysis. 

Conclusion is 
irrelevant or 
unsupported by 
scientific 

reasoning. 

No 
answered 

Evaluation The student critically evaluates 
the solution considering multiple 

factors (pH, concentration, 
environmental impact, 
alternatives). 

The student 
evaluates solution 

considering some 
relevant factors. 

Evaluation is 
limited to one factor 

or lacks depth. 

No meaningful 
evaluation; 

mostly restates 
information. 

No 
answered 

Explanation The student integrates all three 
representation levels accurately 
and coherently. 

The student only 
explains two levels 
correctly, but 

integration is 
limited. 

The student 
explains only one 
level or includes 

conceptual 
inaccuracies. 

The student does 
not demonstrate 
understanding of 

chemical 
representations. 

No 
answered 

Self-
Regulation 

The student provides deep 
reflection on reasoning process, 

identifies strengths/limitations, 
and verifies conceptual accuracy. 

The student 
provides reflection 

with some insight 
but limited depth. 

Reflection is brief 
and descriptive 

without analytical 
depth. 

No meaningful 
reflection or only 

general 
statements. 

No 
answered 
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The scores obtained were analyzed using both descriptive and inferential statistical 
methods. Prior to conducting the inferential analysis, a normality test was performed to 
determine whether the data followed a normal distribution. If the data were normally 
distributed, parametric tests were applied (Demir, 2022). Table 4 presents the results of 
the normality test. 

Table 4 
Normality test result 
                      Kolmogorov-Smirnova Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Pretest 0.75 36 0.20* 0.98 36 0.67 

Posttest 0.12 36 0.19 0.94 36 0.051 

Based on Table 4, the range of significant values (2-tailed) is 0.051 to 0.67. It means 
that the data is normally distributed, meaning that values within that range do not 
exhibit extreme deviations or anomalies. This range of values reflects a consistent and 
acceptable data distribution in statistical analysis, with reasonable variability between 
measurements. Therefore, to analyse the differences between two paired conditions or 
time points in this dataset, a paired t-test was used. This test is used to determine 
whether there is a significant difference between two paired data sets, based on a 
confirmed normal distribution.  

Accordingly, this study applied a parametric statistical method, specifically a paired-
samples t-test, to examine differences between pretest and posttest scores. In addition, 
effect size analysis was conducted to determine the magnitude of the intervention’s 
impact and to provide a clearer understanding of its practical significance. For the 
qualitative data, thematic analysis following Braun and Clarke (2012) was employed. 
Data from the TAP sessions were analyzed manually to identify recurring patterns in 
students’ responses. Similar responses were first grouped into codes, then the codes 
obtained further were transformed into sub-themes and themes. 

Ethics Consideration 

To ensure the ethical integrity of this study, several steps were taken to obtain informed 
consent from all participants involved. Ethical clearance began with an official 
permission letter from the university. This letter was sent to the Head of School, 
requesting approval to conduct the study in selected schools. After receiving approval, 
the researcher coordinated with chemistry teachers to facilitate research activities in 
their respective classrooms. Informed consent was also obtained from students who 
served as research participants. Initially, the researcher explained the purpose and scope 
of the study verbally in the classroom. Then, written consent forms were distributed and 
signed by students who agreed to participate in the study. These forms were 
administered along with critical thinking test and clearly stated that participation was 
voluntary, with anonymity and confidentiality guaranteed.  

Internal Validity and Bias Mitigation 

This study employed a one-group pretest–posttest design within a single classroom. The 
authors acknowledge that this design is vulnerable to several threats to internal validity, 
including maturation, history effects, testing effects, and instrumentation bias. To 
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mitigate these risks, the intervention was conducted over a relatively short instructional 
period with clearly defined objectives. The learning sessions were delivered under 
standardized conditions, including identical instructions, consistent time limits, and the 
same classroom setting. To reduce scoring bias, students’ work was assessed using a 
predefined rubric, and scoring consistency was verified through inter-rater agreement. 
Although these measures enhance the credibility of the observed pre–post 
improvements, causal conclusions remain limited due to the absence of a comparison 
group. 

In addition to significance testing, this study reported effect size estimates to quantify 
the magnitude of change from pretest to posttest. Reporting effect sizes and confidence 
intervals helps determine whether improvements are statistically significant and 
practically relevant in this classroom context. 

FINDINGS 

This section presents the results of statistical analysis conducted to examine the 
students’ critical thinking score changes due to STEM-AR/VR learning activities The 
findings are organized into descriptive statistics, paired samples t-test, and effect size 
estimates. The following Table 5 shows descriptive analysis result. 

Table 5 
Descriptive analysis result 
 

N Minimum Maximum 
Mean Std. 

Deviation Statistic Std. Error 

Pretest 36 9.00 29.00 17.17 0.79 4.74 

Posttest 36 15.00 32.00 21.11 0.64 3.84 

Valid N (listwise) 36      

The descriptive analysis presented in Table 5 shows that pretest scores ranged from 9.00 
to 29.00, with a mean score of 17.17 (SD = 4.74). This suggests a moderate level of 
variability in students’ initial critical thinking skills. In comparison, posttest scores 
ranged from 15.00 to 32.00, with a higher mean score of 21.11 (SD = 3.84). This 
increase in the mean indicates an overall improvement in students’ critical thinking 
performance following the intervention. Both scores indicate that comparing to the 
pretest, posttest scores demonstrated a higher central tendency and slightly reduced 
variability. It suggests a more consistent level of performance among students after 
learning intervention. The following is the example of students’ answer. 

Student S21: 

Analysis (Pretest)  

Cloudy water is caused by many particles. Alum can clear the water. 

Analysis (Posttest)  

Cloudy water is caused by stable, negatively charged colloidal particles. The Al³⁺ 
ions from alum neutralize the charge, allowing the particles to clump together 
(coagulation). 

Interpretation (Pretest) 

Cloudy water indicates the presence of impurities or particles. 
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Interpretation (Posttest) 

Cloudy water indicates the presence of non-precipitated colloids. The addition of 
alum causes particles to attract one another and settle, resulting in clearer water. 

Student S4: 

Evaluation (Pretest)  

This method looks good, so maybe you should try it again. 

Evaluation (Posttest)  

The coagulation method is quite effective, but the environmental impacts of residual 
Al3+must be considered. Alternatives such as bio-flocculants can be considered. 

Explanation (Pretest) 

Cloudy water indicates the presence of impurities or particles. 

Explanation (Posttest) 

• Macroscopic: Water becomes clearer after the addition of alum. 

• Sub microscopic: Negatively charged colloidal particles repel each other before 
coagulation, and clump together after Al3+ ions neutralize the charge. 

• Symbolic: Al2(SO4)3 → 2Al3+ + 3SO4
2-; Al3+ neutralizes negative particles → flocs 

form. 

Self-Regulation (Pretest) 

I feel like my answer is sufficient, but I'm not sure it is all correct. 

Self-Regulation (Posttest) 

I tried to ensure each answer was supported by chemical concepts (colloids, 
charges, coagulation reactions). I still need to deepen my understanding of 
environmental impacts. 

Based on the students’ answer, it shows that their answers only descriptive and lacking 
concepts, indicating low-level answer. Then, the answer in posttest improved to a 
moderate level because the analysis was more systematic, well-integrated with 
representations, or strongly evaluative and reflective, as outlined in the rubric. For 
example, in the pretest, S21 only stated that cloudy water is caused by the presence of 
many particles and that alum can make the water clear. The explanation did not include 
the colloidal mechanism, particle charge, or the role of Al³⁺ ions. Overall, the response 
was descriptive and rather superficial. In contrast, in the posttest, S21 was able to 
identify that cloudy water contains negatively charged colloidal particles and explained 
how Al³⁺ ions neutralize these charges, leading to coagulation. This response 
demonstrated a clearer understanding of cause-and-effect relationships. The shift 
reflects movement from simple description toward a more scientific explanation 
grounded in underlying mechanisms. A similar improvement was observed in the 
explanation aspect. For instance, in the pretest, S4 merely stated that the water became 
clear because the alum “worked,” without further elaboration on the chemical process 
involved. There is no three level of representations explained in pretest. In posttest, S4 
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successfully explained the phenomena in forms of macroscopic, sub microscopic and 
symbolic. It implies S4’s ability has improved from one single observations to an 
integrated and scientific representation. Therefore, it shows the empirical evidence for 
students’ critical thinking improvement. 

Furthermore, the inferential analysis results, presented in the form of a paired-samples t-
test, are shown in Table 6. 

Table 6 
Paired samples T-Test result 
 Mean N df Std. Deviation Mean Diff Sig. (2-tailed) 

Pretest 17.33 36 35 2.42 3.77 <0.01 

Posttest 21.11 36 

As presented in Table 6, the paired-samples t-test results show a Sig. (2-tailed) value of 
p < 0.01, indicating a highly significant difference between the pretest and posttest 
scores. With a mean difference of 3.77 and a standard deviation of 2.42, the results 
suggest a meaningful increase in students’ critical thinking performance after the 
intervention. The standard deviation also indicates a reasonable spread of scores, 
reflecting a fairly consistent improvement among participants. Because the significance 
value obtained is much smaller than the commonly used alpha level (0.05), the null 
hypothesis that states there is no significant difference between the two groups can be 
rejected. Thus, it can be concluded that there is a significant difference between the two 
conditions tested. 

Table 7 
Paired samples effect sizes result 
    95% Confidence Interval 

    Standardizer a Point Estimate Lower Upper 

Pretest- 
Posttest 

Cohen’s d 2.41 -1.56 -2.05 -1.07 

Hedges’ correction 2.46 -1.53 -2.00 -1.05 

The result of the paired samples effect sizes in Table 7 shows that Cohen's d value is 
2.41, indicating a significant difference between the tested conditions. This indicates 
that STEM integrated with AR/VR learning had a very significant impact. In detail, 
each critical thinking indicator yields different results, as displayed in Table 5. The 
Paired Samples T-Test measures the differences between two paired groups and 
provides deeper insight into the impact of STEM-AR/VR. However, to truly understand 
the impact of the intervention, it needs to view it from a critical thinking perspective. 
The following table (Table 8) shows the Paired Samples T-Test (Indicators of Critical 
Thinking). 

Table 8 
Paired samples T-Test (Indicators of critical thinking) 
Pair Mean Std.Deviation df Sig. (2-tailed) 

Analysis_Pre - Analysis_Post -0.55 1.38 35 0.02 

Interpretation_Pre - Interpretation_Post -0.67 1.14 35 0.01 

Conclusion_Pre - Conclusion_Post -0.53 1.53 35 0.049 

Evaluation_Pre - Evaluation_Post -0.67 1.24 35 0.03 

Explanation_Pre - Explanation_Post -0.75 1.40 35 0.03 

Self_Regulation_Pre - Self_Regulation_Post -0.81 1.49 35 0.03 
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Table 8 shows that the paired-samples t-test revealed significant differences between 
pretest and posttest scores across all critical thinking indicators. The mean differences 
were –0.55 for analysis (SD = 1.38), –0.67 for interpretation (SD = 1.14), –0.67 for 
conclusion (SD = 1.53), –0.67 for evaluation (SD = 1.24), –0.75 for explanation (SD = 
1.40), and –0.81 for self-regulation (SD = 1.49). The negative mean values indicate 
higher scores in the posttest compared to the pretest. Regarding statistical significance, 
all indicators showed Sig. (2-tailed) values below 0.05, confirming that the 
improvements were statistically significant. For example, analysis (p = 0.02) and 
interpretation (p = 0.01), conclusion (p = 0.049), evaluation (p = 0.03), explanation (p = 
0.03), and self-regulation (p = 0.03). Therefore, there was a statistically significant 
difference between pre- and post-test scores for each indicator. In terms of paired 
samples effect sizes, Table 9 shows paired samples effect sizes (Indicators of critical 
thinking). 

Table 9 
Paired samples effect sizes (Indicators of critical thinking) 

                 95% Confidence Interval 

    Standardizer a Point Estimate Lower Upper 

Analysis_Pre  
- Analysis_Post 

Cohen’s d 1.38 -0.40 -0.74 -0.06 

Hedges’ correction 1.41 -0.39 -0.72   -0.06 

Interpretation_Pre  
- Interpretation_Post 

Cohen’s d 1.14 -0.58 -0.93 -0.22 

Hedges’ correction 1.17 -0.57 -0.91 -0.22 

Conclusion_Pre  
- Conclusion_Post 

Cohen’s d 1.53 -0.34 -0.67 -0.004 

Hedges’ correction 1.57 -0.33 -0.66 -0.004 

Evaluation_Pre  
- Evaluation_Post 

Cohen’s d 1.24 -0.53 -0.88 -0.18 

Hedges’ correction 1.26 -0.52 -0.86 -0.18 

Explanation_Pre  
- Explanation_Post 

Cohen’s d 1.40 -0.53 -0.88 -0.18 

Hedges’ correction 1.43 -0.52 -0.86 -0.17 

Self-Regulation_Pre  
- Self-Regulation_Post 

Cohen’s d 1.48 -0.54 -0.88 -0.18 

Hedges’ correction 1.52 -0.53 -0.86 -0.18 

In Table 9, all indicators show large to very large effects: analysis (d = 1.38), 
interpretation (d = 1.14), conclusion (d = 1.53), evaluation (d = 1.24), explanation (d = 
1.40), and self-regulation (d = 1.48). These values indicate that the changes were not 
only statistically significant but also had a strong practical impact. Overall, these 
findings suggest that the implemented intervention had a substantial impact on students' 
critical thinking skills. 

The STEM integrated AR/VR Learning in Critical Thinking Process Development 

The impact of implementing STEM integrated with AR/VR on students’ critical 
thinking processes can be further understood through the results of the thematic 
analysis. These findings are presented in the form of codes and overarching themes, as 
summarized in Table 10. 
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Table 10 
Thematic analysis result 
Indicators Students Transcript Codes Themes 

Analysis 
S1 

STEM-AR/VR module really helped me with 
analysis because I could see the data and patterns 
directly in 3D. 

Visualization, 3D, 
Patterns, Data Analysis 

Ease of data analysis 

S2 
I found it easier to identify problems after seeing 
the visualizations in VR. 

Problem Identification, 
Visualization, Problem 

Ease of problem 
identification 

S3 

The module provided is very clear visualizations, 

making it easier for me to analyze. 

Visualization, 

Understanding Concepts 

Ease of understanding 

and analyzing 
concepts 

Interpretation 

S1 

For interpretation, this module made it easier for 

me to understand more complex data. The 
visualizations allowed me to connect different 
pieces of information more clearly and easily. 

Interpretation, 

Understanding Data, 
Visualization 

Ease of data and 

information 
interpretation 

S2 
I found it easier to interpret after using VR because 
I could see it in a more interactive format. 

Interaction, 
Visualization, 
Understanding Data 

Improved 
understanding and 
interpretation of data 

S3 

In the interpretation section, I found it easier to 
organize the information I obtained and connect it 
to relevant context. 

Information 
Organization, 
Contextual Connection, 

Interpretation 

More precise 
organization of 
information 

Conclusion 

S1 

I am more confident in drawing conclusions 
because I can test various hypotheses in VR and 

see the immediate results. This makes my 
decisions more informed. 

Hypothesis Testing, 
Conclusion, Confidence 

Increased confidence 
in drawing 

conclusions 

S2 

After doing the VR simulation, I feel more capable 

of drawing strong conclusions because I can 
directly see the impact of the choices I make. 

Simulation, Impact of 

Choices, Conclusion 
Drawing 

Assisting in decision-

making and drawing 
conclusions 

S3 

With module, it is easier for me to draw 

conclusions. I can try various scenarios and 
immediately see the results, so my conclusions are 
more informed. 

Scenario, Conclusion, 

Results 

The influence of VR 

on drawing more 
accurate conclusions 

Evaluation 
S1 

I can test various options in VR and see the results. 
This helps me evaluate which is the best choice in 
a given situation. 

Option Evaluation, 
Testing Options, 
Simulation Results 

The ability to evaluate 
choices more clearly 

S2 

I am more confident in conducting evaluations 

because the module allows me to see and consider 
the various possible outcomes of different options. 

Confidence, Evaluating 

Options, Consideration 

Increased confidence 

in evaluating choices 
and outcomes 

S3 

This module helps me evaluate my options in 

various situations, which allows me to choose a 
more appropriate solution. 

Evaluation, Choosing a 

Solution, Situation 

A more precise and 

solution-oriented 
evaluation process 

Explanation 

S1 

It is easier for me to explain what I am learning 

because VR provides clear visuals that I can use to 
demonstrate difficult concepts. 

Explanation, 

Visualization, Difficult 
Concepts 

Easier to explain 

difficult concepts 

S2 

The STEM AR/VR module helps me with 

explanations because I can show complex concepts 
in 3D. This makes it easier for me to explain them 
to others. 

Explanation, Complex 

Concepts, Visualization 

Improved ability to 

explain with 3D 
visualization 

S3 
I feel better able to explain my ideas after using 
VR. The visualizations in the simulations help me 
convey my explanations better. 

Explanation, 
Visualization, 
Communicating Ideas 

Improved skills in 
explaining with 
visualization 

Self-
Regulation S1 

I feel more organized which this module allows me 
to learn in a more structured way, which helps me 
manage my time and focus better. 

Organization, Time 
Management, Focus 

Improved self-
regulation and 
learning focus 

S2 

This module helps me stay on track because it 
provides clear guidance throughout the learning 
process, which allows me to manage my time 

better. 

Learning Guide, Time 
Management 

Better time 
management 

S3 

The module makes me more focused on learning. 
My self-regulation improves because I can learn in 

a more interactive and fun way, which helps me be 
more organized. 

Focus, Interactive 
Learning, Organization 

Greater consistency in 
learning through an 

interactive approach 
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Thematic analysis results in Table 10 shows that there are several themes that represent 
students’ critical thinking. In this case, the responses are according to the questions in 
TAP, covering analysis, interpretation, conclusion, evaluation, explanation, and self-
regulation. 

In terms of analysis, the first theme identified was ease of data analysis. Participants 
reported that the interactive visual displays provided by AR/VR made it easier to 
process and understand complex information. One student stated during the Think 
Aloud Protocol, “The STEM-AR/VR module really helped me with analysis because I 
could see the data and patterns directly in 3D.” This response suggests that 3D 
visualizations and interactive simulations enabled students to observe relationships and 
patterns more clearly. Compared to traditional approaches—often limited to text-based 
explanations or static images—AR/VR offered a more dynamic and engaging way to 
analyze data comprehensively. The next theme obtained was ease of problem 
identification. STEM-AR/VR allows participants to see the context or dynamics of a 
problem in a more realistic and interactive environment, significantly accelerating the 
issue identification process. For example, S2 stated, "I found it easier to identify 
problems after seeing the visualizations in VR." This suggests that it enhances students' 
ability to identify errors and comprehend problems in real-world situations. 
Furthermore, the students' responses indicate that they have an ease in interpreting data 
and information. For example, S3 stated, "The module provided is very clear 
visualizations, making it easier for me to analyze" In this case, integration AR/VR in 
STEM learning offers a more immersive learning experience and is more readily 
accepted by students due to the interactivity it provides. 

In the interpretation aspect, three main themes emerged: ease of data and information 
interpretation, improved understanding and interpretation of data, and more precise 
organization of information. These findings suggest that STEM-integrated AR/VR 
learning not only supports students in analyzing data but also helps them interpret 
information more accurately and meaningfully. Through VR-based instruction, data and 
concepts were presented in clearer and more accessible formats. One participant 
explained, “This module made it easier for me to understand more complex data. The 
visualizations allowed me to connect different pieces of information more clearly and 
easily.” This response indicates that immersive visualizations helped students integrate 
multiple sources of information, leading to deeper comprehension and more coherent 
interpretation of the material. As participants could view the data from multiple 
perspectives and obtain a more complete presentation of the information. 

Furthermore, the themes obtained reflected the students' ability to draw conclusions, 
such as increased confidence in drawing conclusions, assisting in decision-making, and 
the influence of VR on drawing more accurate conclusions. This indicates that the use 
of AR/VR in STEM learning increases confidence in drawing conclusions. It also 
facilitates faster and more accurate decision-making. Other indicators are evaluation, 
explanation, and self-regulation.  

In the evaluation aspect, three key themes were identified: the ability to evaluate 
choices more clearly, increased confidence in evaluating choices and outcomes, and a 
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more precise and solution-oriented evaluation process. The findings suggest that 
STEM-integrated AR/VR strengthened students’ ability to assess their choices in a 
clearer and more structured way. By providing direct visualizations of different options 
and their consequences, the technology enabled students to compare alternatives more 
effectively. For instance, S1 explained, “I can test various options in VR and see the 
results. This helps me evaluate which is the best choice in a given situation.” This 
response indicates that the opportunity to simulate and observe outcomes in real time 
supported more informed decision-making. Moreover, students reported feeling more 
confident in evaluating their answers and conclusions. Overall, these results 
demonstrate that STEM-AR/VR had a positive impact on the development of students’ 
evaluative thinking skills. 

The next indicator is explanation. The themes indicate that after learning the students 
felt more comfortable explaining difficult concepts, improved their ability to explain 
with 3D visualization, and enhanced their skills in explaining with visualization. For 
example, through a visual approach, they could more easily illustrate complex concepts 
in an interactive and engaging way, as explained by S3, "I feel better able to explain my 
ideas after using VR. The visualizations in the simulations help me convey my 
explanations better”.  

The final indicator of critical thinking examined in this study was self-regulation. Three 
main themes emerged: improved self-regulation and learning focus, better time 
management, and greater consistency in learning through an interactive approach. The 
findings suggest that the implementation of STEM-integrated AR/VR supported the 
development of students’ self-regulatory skills. The structured yet interactive nature of 
the learning activities helped students organize their work more effectively and 
maintain focus on the material. For example, S3 stated, “The module makes me more 
focused on learning. My self-regulation improves because I can learn in a more 
interactive and fun way, which helps me be more organized.” This response indicates 
that the immersive and engaging features of AR/VR not only enhanced cognitive 
engagement but also encouraged students to manage their attention and learning process 
more independently.  

Based on the results of this thematic analysis, it can be concluded that STEM-AR/VR 
Learning has a positive impact on enhancing students' critical thinking skills. By 
facilitating data analysis, problem identification, concept understanding, and 
information organization, STEM-AR/VR learning creates a more interactive and 
immersive learning experience. This also contributes to improving evaluation skills, 
drawing more accurate conclusions, and explaining concepts more easily, thereby 
enhancing students' self-regulation and learning focus. 

DISCUSSION 

The findings of this study provide empirical evidence that STEM-integrated AR/VR 
learning significantly enhanced students’ critical thinking skills. The results show 
measurable improvements across all indicators (analysis, interpretation, conclusion, 
evaluation, explanation, and self-regulation) as reflected in higher posttest scores 
compared to pretest scores. These outcomes highlight the importance of designing 
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immersive and interdisciplinary learning experiences within STEM education. The 
observed improvements suggest that STEM-AR/VR created meaningful learning 
environments in which students engaged with problem-based scenarios requiring the 
application of chemistry concepts, the use of technology, the engineering design 
process, and mathematical reasoning. Through this integrated approach, students were 
encouraged not only to understand content but also to apply, evaluate, and reflect on 
their learning more critically. 

A plausible explanation for this improvement lies in learning mechanism embedded in 
STEM-AR/VR. The design provides problem scenario, which can increase students’ on-
task and encourage active engagement. For example, the students must produce 
scientific ideas related to air pollution. It required students to connect the issue with 
chemical colloid concept (science-chemistry concept). Also, the students were required 
to overcome the problem by designing a tool (engineering) and considering the quantity 
of particles (mathematics). The students need to explain scientific phenomena along 
with the solution. In this case, the students were given the access for AR/VR by 
scanning the barcode provided to study the particles sub-microscopically. Thus, the 
integration of STEM principles and immerse VR/AR environment supported 
visualization of abstract concepts and enabled students to iteratively test and refine 
solutions.  

Students’ engagement in STEM-AR/VR learning also fostered collaborative learning, as 
they worked together to solve problems and respond to the challenges presented. This 
collaborative interaction enriched their analytical and evaluative abilities, which are 
essential components of critical thinking (Delgado-Rodríguez et al., 2025; Yanti et al., 
2024). Moreover, students’ active participation and the integration of technology into 
the learning process further supported the development of critical thinking skills. By 
engaging with real-world or simulated scenarios, students were required to analyze 
situations, make decisions, and justify their choices. Such experiences encouraged the 
emergence of thoughtful decision-making and strengthened their ability to think 
critically about the consequences of their actions (Arora et al., 2024). 

Furthermore, students’ engagement in group, hands-on activities and visualization 
experience offered in this study assisted them to explore their ideas. It aligns with Mater 
et al. (2022), students’ collaboration in learning could fosters interaction, encourage 
ideas expressions, and facilitate the perspectives exchange. Also, the hands-on activities 
could affect students’ knowledge and thinking process development (Duran and 
Sendag, 2012; Ismail et al., 2018; Smith et al., 2018). The visualization experiences 
provided through the integration of AR/VR in STEM learning environment could enrich 
students’ thinking process. It is because of interactive and immersive learning 
environment created, allowing students to interact with difficult-to-understand concepts. 
It aligns with Lee (2022), found that the use of AR in science and technology learning 
can enhance students' critical thinking skills through visual experiences and the 
manipulation of 3D models. In addition, Ishengoma et al. (2024) reported that the 
integration of AR in learning can enhance students’ engagement and improve their 
understanding of complex STEM concepts, particularly in visualizing molecular 
structures in chemistry education. Furthermore, the appropriate use of technology in 
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STEM learning can broaden students’ thinking processes beyond what is typically 
achieved in traditional classroom settings (Hwang et al., 2016; Kelley et al., 2016). By 
offering dynamic visualizations, simulations, and interactive problem-solving 
opportunities, technology-supported instruction encourages students to explore concepts 
more deeply and approach learning from multiple perspectives. 

In the context of chemistry, STEM-integrated AR/VR supports multiple levels of 
chemical representations (macroscopic, sub-microscopic, and symbolic). The learning 
environment enables students to connect observable phenomena with particle 
movement and the chemical formulas involved. The use of multiple representations in 
chemistry has been shown to strengthen students’ conceptual understanding (Treagust, 
2008) and assist students to explain the ideas in the form of sub- microscopic (Nursiwan 
et al., 2025). Also, it stimulates their imagination when exploring chemical phenomena 
(Yuanita & Ib-Uterus, 2015). For instance, STEM-AR/VR learning can provide 
visualizations of adsorption, a concept that many secondary school students find 
challenging because it depends on sub-microscopic interactions. Within a STEM-
AR/VR environment, students can visualize particles with surface charges interacting 
with adsorbate molecules. They can also explore how changes in particle concentration, 
surface charge, or the addition of a coagulant influence adsorption and floc formation. 
Through these simulations, students are able to manipulate variables, observe system 
responses in real time, and test their hypotheses. Such experiences actively engage them 
in analyzing cause-and-effect relationships, thereby fostering critical thinking skills—
particularly in analysis, interpretation, evaluation, and self-regulation aspects. VR/AR 
technologies enable students to directly connect sub microscopic interactions to 
macroscopic outcomes, such as observing how effective adsorption clarifies a colloidal 
suspension. This experiential approach allows students to evaluate multiple scenarios, 
make predictions, and refine their understanding based on observed results rather than 
relying exclusively on memorized theory. 

From a theoretical perspective, this study contributes to the integration of STEM 
education by demonstrating how immersive, technology-rich learning environments can 
operationalize interdisciplinary STEM practices to foster critical thinking. The findings 
illustrate that when science, technology, engineering, and mathematics are meaningfully 
connected through AR/VR, students are encouraged to engage in higher-order thinking 
rather than isolated content learning. This approach is consistent with constructivist 
theory, which emphasizes active knowledge construction. By interacting with and 
manipulating virtual representations, students build their understanding through 
exploration and reflection rather than passive reception of information. Furthermore, the 
results can also be interpreted through the lens of experiential learning theory. The 
repeated cycles of action, feedback, and reflection within the AR/VR-based STEM 
environment appear to facilitate deeper cognitive processing, enabling students to refine 
their reasoning and strengthen their critical thinking skills over time. 

The results in this study are consistent with previous studies showing that integration 
VR/AR in STEM learning could facilitate students’ critical thinking. It also suggests 
that critical thinking development that is facilitated by STEM-AR/VR make the 
students had the opportunities for self-directed exploration, interactive, collaborative 
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works, iterative problem-solving, and representation skills support within immersive 
environments. The embedded technologies in learning could increase student 
motivation, engagement in learning, and their ability to analyse and solve complex 
problems (Kumar et al., 2023). Thus, it can be concluded that STEM-AR/VR could 
enhance students’ critical thinking. 

CONCLUSION, RESEARCH IMPLICATION, LIMITATIONS OF STUDY & 
RECOMMENDATION 

The primary impact of this study lies in the enhancement of students’ critical thinking 
skills. By integrating immersive AR/VR technologies into STEM learning, the research 
demonstrates how these tools can foster higher-order thinking. The intervention 
promoted active and experiential learning by enabling students to visualize abstract 
concepts, conduct virtual experiments, and engage in realistic simulations. These 
experiences deepened students’ conceptual understanding and encouraged critical 
reflection. The results of the paired-samples t-test indicate that STEM-AR/VR 
significantly improved students’ critical thinking performance. These quantitative 
findings are further supported by the Think Aloud Protocol and thematic analysis 
results, which reveal meaningful changes in students’ reasoning processes, analytical 
abilities, and self-regulation throughout the intervention. 

The main empirical contribution of this study is not merely the observed score increase 
but the exploration of the critical thinking process for each critical thinking indicator as 
empirical evidence of STEM AR/VR implementation. STEM AR/VR can serve as 
practical support for developing students’ critical thinking at the classroom level. 
Specifically, the findings suggest that STEM AR/VR may strengthen students’ analysis, 
interpretation, conclusion, evaluation, explanation, and self-regulation when facing 
chemical problems. It indicates that the intervention supports the learning process at the 
levels of idea generation and solution justification, contributing to the growing body of 
evidence that effective classroom interventions should be evaluated not only by overall 
gains but also by improvements in sub-skills and under which instructional conditions. 

From a practical perspective, the findings suggest that STEM curriculum design can 
benefit from integrating immersive technologies, especially when students face 
difficulties understanding sub-microscopic chemical phenomena. The effectiveness of 
implementation may be enhanced by optimizing the duration and frequency of AR/VR 
use, incorporating appropriate scaffolding strategies, and designing collaborative group 
activities to support deeper engagement. Despite these contributions, the study has 
several limitations. he use of a single-group pretest–posttest design limits causal 
inference, and the relatively small sample size may constrain generalizability. Future 
research could employ controlled or design-based approaches and longitudinal designs 
to further examine how immersive STEM-AR/VR learning environments support the 
development of critical thinking over time. 
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