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Abstract—Junior high school students in Indonesia often face 

difficulties in analyzing and communicating scientific issues 

related to daily life due to limited scaffolding for exploring 

abstract concepts and insufficient guidance for scientific 

communication. Inquiry-based learning fosters students’ 

critical thinking and communication skills, while Augmented 

Reality (AR) strengthens these processes by enhancing 

visualization and engagement in science learning. However, no 

study has yet integrated inquiry and AR to improve critical 

thinking and communication skills in science learning. 

Therefore, to address this gap, this study analyzes the effect of 

the Augmented Reality–Scaffolded Inquiry (AR-SI) model, 

which combines interactive AR visualization of scientific 

phenomena with structured scaffolding stages to guide 

students’ inquiry processes, on students’ critical thinking and 

communication skills. A quasi-experimental study with a 

non-equivalent control group design was employed to evaluate 

the model’s effectiveness. The sample consisted of 60 

ninth-grade students from one of the public junior high schools 

in Semarang City, Indonesia, selected through convenience 

sampling. The experimental class (30 students) received the 

AR-Scaffolded Inquiry treatment, while the control class (30 

students) engaged in the conventional inquiry method routinely 

used in the school’s science classes. Data were collected through 

pre-test, intervention, and post-test procedures. Results show 

that students in the experimental group demonstrated greater 

improvement in both critical thinking and communication skills, 

with N-gain scores of 0.56 and 0.89, respectively, compared to 

0.35 and 0.65 in the control group. These findings indicate that 

integrating AR-SI can effectively enhance students’ 

higher-order thinking and communicative competence. The 

AR-SI model thus presents a promising technology-integrated 

pedagogical framework for fostering essential 21st-century 

scientific competencies. 

 
Keywords—augmented reality, communication skills, critical 

thinking skills, scaffolded inquiry learning, science learning 

I. INTRODUCTION  

The rapid transformation toward the Society 5.0 era has 

placed increasing demands on students to master 

21st-century competencies, particularly the 4Cs: critical 

thinking, creative thinking, collaboration, and 

communication. These competencies are essential for 

developing higher-order thinking, problem-solving abilities, 

and effective participation in scientific and social discourse. 

However, students in Indonesia continue to face considerable 

challenges in achieving these competencies. Research in [1] 

reports that junior high school students still demonstrate 

limited ability to apply scientific knowledge to daily life, 

experience difficulties in problem-solving, and require more 

time to make decisions. Similarly, studies in [2] show that 

students often struggle to express opinions, engage in 

discussions, and make evidence-based judgments. These 

conditions reflect the persistence of learning environments 

that emphasize rote memorization rather than exploration and 

reasoning, thereby offering limited scaffolding for critical 

and communicative engagement in science learning. 

In the context of science education, students’ learning 

challenges are further compounded by the abstract and 

complex nature of scientific concepts, which are often 

difficult to visualize through conventional teaching methods 

based on text or 2D images [3–5]. Topics such as the 

digestive system or neural coordination require dynamic 

visualization and interaction to be understood meaningfully 

by students [6, 7]. Yet, hands-on learning is frequently 

constrained by limited laboratory resources, time, and safety 

considerations [8]. These conditions highlight the need for 

pedagogical innovations that can make abstract scientific 

phenomena more accessible and meaningful while 

simultaneously fostering students’ reasoning and 

communication skills. In response, various studies have 

explored the integration of digital technologies, particularly 

Augmented Reality (AR) to improve students’ 

communication, conceptual understanding, and scientific 

reasoning [9–12]. AR enables students to interact directly 

with 3D representations of abstract concepts, providing 

immersive experiences that strengthen mental visualization 

and cognitive retention [13]. 

Beyond visualization, effective science learning requires 

structured pedagogical frameworks that actively promote 

critical thinking and communication. Inquiry-based learning 

is recognized as one such model, encouraging students to 
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investigate questions, test hypotheses, and communicate their 

findings through evidence-based reasoning [14–17]. 

However, despite its effectiveness, inquiry learning often 

poses cognitive challenges that require scaffolding, an 

adaptive instructional support that guide students through 

complex problem-solving processes [18–20]. Scaffolding not 

only helps students construct knowledge systematically but 

also facilitates their ability to express reasoning clearly and 

logically. When combined with AR, scaffolded inquiry offers 

the potential to enhance students’ analytical and 

communicative engagement through interactive visualization 

and guided inquiry exploration [21–24].  

Existing studies have predominantly examined AR and 

inquiry learning separately, focusing either on visualization 

or on process engagement. Few studies have explicitly 

investigated their integration to enhance both critical thinking 

and communication skills in a unified pedagogical 

framework. This research addresses that gap by developing 

and implementing an Augmented Reality–Scaffolded Inquiry 

(AR-SI) model designed to improve students’ higher-order 

thinking and scientific communication. Therefore, this study 

aims to analyze whether learning through the AR-SI model 

significantly enhances students’ critical thinking and 

communication skills compared to conventional 

inquiry-based learning. 

II. LITERATURE REVIEW 

A. AR-Scaffolded Inquiry Model in Science Learning 

Contemporary science education is increasingly aimed at 

cultivating students who can think critically, communicate 

effectively, and apply scientific reasoning to address 

real-world problems. This shift reflects the broader 

transformation of educational paradigms that emphasize 

inquiry, collaboration, and technology integration as central 

components of 21st-century learning. Science learning, 

therefore, is not only concerned with content mastery but also 

with developing students’ ability to construct explanations, 

analyze evidence, and engage in meaningful discussions 

about scientific phenomena [25]. To achieve these outcomes, 

educators must design learning environments that combine 

conceptual understanding with inquiry-based exploration 

supported by digital technology, thereby making scientific 

learning more interactive, evidence-oriented, and 

student-centered. 

 

 

 

 

 

However, technology alone is not sufficient to ensure 

effective science learning. Meaningful engagement requires 

structured guidance that supports students in navigating 

complex inquiry tasks. This is where the scaffolded inquiry 

approach plays a crucial role. Inquiry-based learning 

positions students as investigators who construct knowledge 

through questioning, experimenting, and reasoning based on 

evidence [32–34]. Yet, without scaffolding, students may 

struggle to organize ideas, connect data with conclusions, or 

remain engaged in inquiry activities [18–20]. Scaffolding 

provides adaptive instructional support that helps students 

move from initial dependence toward independent mastery, 

facilitating problem-solving, data evaluation, and systematic 

communication of results. Prior studies confirm that 

scaffolded inquiry strengthens both conceptual 

understanding and scientific process skills while enhancing 

confidence and persistence in learning [17]. 

Integrating AR into the scaffolded inquiry model offers a 

pedagogical synergy that can optimize both visualization and 

reasoning processes. In this model, AR acts as an interactive 

medium that allows students to manipulate 3D scientific 

objects, simulate experiments, and explore causal 

relationships, while the scaffolding components provide 

structured guidance through prompts, feedback, or digital 

cues that direct students’ inquiry activities. This combination 

supports critical thinking by engaging students in analysis, 

inference, and evidence-based reasoning [14, 15], while also 

developing communication skills through collaborative 

exploration, peer discussion, and presentation of  

findings [24, 35]. AR further facilitates visualization of 

abstract phenomena and complex mechanisms that are 

otherwise inaccessible in traditional learning [36, 37]. 

B. Student Critical Thinking 
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In response to these needs, various studies have explored 

the use of computing technology to enhance students’

engagement [9], conceptual understanding [10], and 

scientific reasoning skills [11, 12]. This is particularly 

relevant for Generation Z students, who have grown up in an 

era where digital interaction is an integral part of daily 

life [26]. Consequently, the integration of Education 4.0 

principles as well as personalized, data-driven, and gamified 

learning environments is becoming increasingly 

essential [27, 28]. Among emerging educational 

technologies, Augmented Reality (AR) has gained special 

attention because it allows students not only to visualize 

scientific structures but also to interact with them 

dynamically. For instance, AR enables students to visualize 

the digestive system or observe neural impulse transmission 

processes in real time [13], transforming abstract concepts 

into tangible experiences that promote deeper understanding 

and engagement. Studies have shown that AR can increase 

students’ motivation, conceptual retention, and spatial 

reasoning in science learning [21–23]. Furthermore, AR 

encourages innovation and adaptability, preparing students to 

face the continuous evolution of digital and social 

environments [29–31]. 

Critical thinking is an essential component of scientific 

literacy and a central goal of 21st-century education. 

According to Ennis [38], critical thinking refers to 

“reasonable reflective thinking that is focused on deciding 

what to believe or do,” emphasizing interpretation, inference, 

evaluation, explanation, and self-regulation. Within the 

context of science learning, critical thinking enables students 

to analyze problems, evaluate assumptions, interpret data, 

and identify relevant evidence to construct logical 

conclusions [39–42]. According to Mediawati and Azizi [43], 

students who possess strong critical thinking skills can 

analyze and evaluate information effectively, draw 

conclusions based on relevant evidence, and engage in 

open-minded reasoning processes. These skills also foster 

intellectual autonomy, encouraging students to question the 

validity of claims, anticipate potential consequences, and 

make well-reasoned decisions [44, 45]. Similarly, 

Facione [46] asserts that critical thinking encompasses both 

cognitive and dispositional dimensions, including 

inquisitiveness, open-mindedness, and systematic reasoning, 

which are vital for developing reflective and independent 
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thinkers. 

In science education, critical thinking serves as the 

cognitive foundation for inquiry-based learning, 

problem-solving, and scientific communication. Students 

must not only understand scientific content but also evaluate 

sources, construct arguments, and justify their reasoning 

using empirical evidence. Research has demonstrated that 

active learning environments, such as those supported by 

digital technologies and guided inquiry can significantly 

enhance critical thinking by promoting exploration, 

hypothesis testing, and reflection [47, 48]. Furthermore, the 

use of scaffolding strategies, including question prompts and 

guided reflection, can help students move from surface-level 

reasoning to deeper analytical thinking [14, 41]. In this 

regard, integrating technology such as Augmented Reality 

(AR) into scaffolded inquiry models provides dynamic 

visualizations and interactive feedback that support the 

development of critical thinking. AR-based learning allows 

students to engage with abstract scientific concepts in 

authentic contexts, enabling them to analyze relationships, 

infer mechanisms, and evaluate outcomes which are core 

indicators of critical thinking proficiency. 

C. Student Communication Skill 

Communication skills are fundamental to effective science 

learning, as they enable students to articulate their ideas, 

explain reasoning, and engage meaningfully in scientific 

discourse. Communication in the learning process is not 

merely the act of exchanging information but a complex 

cognitive process involving listening, interpreting, and 

constructing meaning collaboratively [49]. In science 

education, the curriculum explicitly incorporates 

communication as a dimension that supports integrity, 

awareness, tolerance, systematic thinking, and the ability to 

express ideas using precise scientific language [50]. Effective 

communication skills allow students to express their 

understanding of scientific phenomena clearly and 

coherently, both orally and in writing [51–54]. This 

competence helps students formulate structured explanations, 

use appropriate terminology, and justify their arguments 

logically. Moreover, communication in science learning is 

not a one-way process; it also demands active listening, the 

ability to respond constructively, and meaningful interaction 

with peers and teachers [32, 53, 55]. 

Beyond expressing ideas, communication skills play a 

critical role in supporting the development of higher-order 

thinking processes such as reasoning, problem-solving, and 

decision-making. Empirical evidence shows that when 

students are given opportunities to communicate their 

reasoning through discussion, argumentation, or written 

explanation, their understanding becomes more refined and 

conceptually integrated [56]. According to  

Reith-Hall et al. [49, 50], communication-centered learning 

enhances students’ reflective thinking and self-regulation, 

allowing them to become more confident and self-aware 

learners. Furthermore, communication skills have been found 

to correlate positively with critical thinking, as students who 

communicate effectively tend to analyze and evaluate 

information more deeply [57, 58]. In the context of science 

learning, models such as inquiry-based learning and 

collaborative problem solving can foster both critical and 

communicative competence by engaging students in 

scientific argumentation and peer dialogue [59]. Therefore, 

communication skills must be intentionally nurtured in 

learning environments that provide structured scaffolding 

and interactive media to encourage expression, feedback, and 

reasoning within authentic scientific contexts. 

III. MATERIALS AND METHODS 

A. Research Methods 

This study employed quasi-experimental with a 

non-equivalent control group design to examine the 

effectiveness of the AR-Scaffolded Inquiry learning model in 

enhancing students’ critical thinking and communication 

skills. This design allows for the comparison of learning 

outcomes between an experimental class and a control class 

that received different instructional treatments while 

maintaining similar learning environments.  

B. Participants 

The research was conducted at one of the public junior 

high schools (SMP Negeri) located in Semarang City, 

Indonesia. The study was implemented during the 2024/2025 

academic year. Two ninth-grade classes were selected as 

research samples through convenience sampling, considering 

accessibility and the school’s scheduling arrangements. Each 

class consisted of 30 students, resulting in a total of 60 

participants. The experimental class received treatment using 

the AR-Scaffolded Inquiry learning model, while the control 

class participated in regular inquiry-based learning that 

followed the school’s existing teaching materials and 

instructional procedures. The learning implementation in 

both classes was carried out over three weeks, with 

equivalent learning objectives and assessment coverage to 

ensure fairness across conditions. 

C. Instrument Validation 

Two primary instruments were employed in this study, a 

critical thinking test in essay format and a communication 

skills questionnaire. Both instruments were developed and 

validated through expert judgment to ensure content 

relevance, construct alignment, and clarity of items. The 

critical thinking instrument was developed based on the 

indicators proposed by [38], which include: (1) elementary 

clarification, (2) building basic support, (3) inference, (4) 

advanced clarification, and (5) strategies and tactics. The test 

initially consisted of 15 open-ended essay items developed to 

assess students’ critial thinking abilities within science 

learning contexts. The validation process was conducted 

through expert judgment involving two science education 

lecturers and one science teacher, resulting in a validity 

coefficient of 0.84, indicating that the instrument was highly 

valid and suitable for research purposes.  

Following the validation, a limited field try-out was 

conducted with 30 students from a class not involved in the 

main study to examine the quality and reliability of each test 

item. The students’ responses were analyzed using ANATES 

V.4 software, which is specifically designed to evaluate the 

psychometric properties of educational test items, including 

validity, reliability, level of difficulty, and discriminating 

power. The analysis results showed that five items were 

rejected due to low discriminating power or poor validity, 

three items required revision, and seven items were accepted 



 

 

 

 

 

 

Fig. 1. AR-scaffolded inquiry lab frameworks. 

E. Data Analysis Technique

Data were analyzed using both descriptive and inferential

statistical techniques. Descriptive statistics, including the 

mean and normalized gain (N-Gain), were used to illustrate 

the improvement in students’ critical thinking and 

communication skills. Prior to conducting inferential tests, 

prerequisite analyses were performed. The normality of the 

data was examined using the Shapiro–Wilk test, and the 

result indicated that the data were normally distributed. 

Homogeneity was then tested using Levene’s Test for 

Equality of Variances, and the results confirmed that the data 

were homogeneous. Since the assumptions for parametric 

testing were met, hypothesis testing was carried out using the 

paired t-test to determine the significance of differences 

between pre-test and post-test scores in both the experimental 

and control groups. 

To evaluate the effect of the AR–Scaffolded Inquiry model, 

the following research hypotheses were tested: 

H₀: There is no significant improvement in students’ 

critical thinking and communication skills after learning with 

the AR–Scaffolded Inquiry model. 

Ha: There is a significant improvement in students’ critical 

thinking and communication skills after learning with the 

AR–Scaffolded Inquiry model. 

This test uses α = 0.05, and the decision-making is as 

follows.  

𝐻𝑎 accepted if 𝛼 ≥ 𝑃𝑣𝑎𝑙𝑢𝑒 

𝐻𝑎 rejected if 𝛼 < 𝑃𝑣𝑎𝑙𝑢𝑒

Overall, the combination of descriptive analysis, 

assumption testing, and inferential procedures provides a 

rigorous analytical framework that ensures the accuracy, 

validity, and interpretive clarity of the findings regarding the 

effectiveness of the AR–Scaffolded Inquiry model on 

students’ critical thinking and communication skills. 

IV. RESULT AND DISCUSSION

A. Students’ Critical Thinking Skills

The quantitative analysis of students’ critical thinking

skills was conducted to determine the effectiveness of the 

AR-Scaffolded Inquiry learning model compared to the 

conventional inquiry approach assisted by 2D images. The 

data were obtained from pre-test and post-test results 

administered to both classes. The results for the experimental 

and control classes are presented separately. The data from 

the pre-test and post-test of critical thinking skills of the 

experimental class are presented in Fig. 2. 

Fig. 2. Average pre-test and post-test scores of students’ critical thinking 

skills in experimental class. 

Based on the analysis of the experimental class data, 

learning through the AR-Scaffolded Inquiry model resulted 
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without modification. The rejected items were excluded from 

the final version, while the revised items were refined and 

subsequently included in the test. Thus, the final critical 

thinking test consisted of 10 validated and reliable essay 

items, all of which were used in the main study to measure 

students’ critical thinking skills before and after the learning 

intervention.

Meanwhile, the communication skills instrument was 

developed in the form of a questionnaire adapted from [60]. It 

measured two main indicators of communication 

competence: (1) oral communication skills, which include 

the ability to express ideas clearly and interact effectively 

during discussions or presentations, and (2) written 

communication skills, which involve the ability to organize 

and convey ideas coherently in written form using 

appropriate scientific language. The questionnaire consisted 

of 20 Likert-scale statements reflecting both written and oral 

communication performance. Expert judgment involving two 

science education lecturers and one science teacher, resulting 

in a validity coefficient of 0.76, indicating that the instrument 

was valid and feasible for data collection. The validated 

questionnaire was directly implemented in the data collection 

phase to measure students’ communication skills in both the 

experimental and control groups.

D. Data Collection Technique

Data collection was conducted in two phases, pre-test and

post-test for both the experimental and control classes. The 

pre-test aimed to identify students’ initial levels of critical 

thinking and communication skills before the intervention, 

while the post-test was administered after the completion of 

learning activities to assess improvement. In the 

experimental class, students participated in the 

AR-Scaffolded Inquiry learning sessions, which integrated 

Augmented Reality (AR) media with structured scaffolding 

to guide inquiry-based problem-solving. The implementation 

of learning in this class followed a series of instructional 

phases illustrated in Fig. 1. Meanwhile, the control class 

received learning through a conventional inquiry model 

supported by 2D images as visual aids, using the school’s 

regular learning materials and teacher-led guidance without 

AR integration or structured scaffolding support.



in a substantial improvement in students’ critical thinking 

skills. As shown in Fig. 2, the students’ average pre-test score 

was 64.33, which increased to 79.67 in the post-test 

following the implementation of the AR-Scaffolded Inquiry 

model. The N-gain score was calculated at 0.56, which is 

categorized as moderate according to [61]. These findings 

indicate that the integration of Augmented Reality media 

with scaffolded inquiry activities effectively supported 

students in developing a deeper understanding of scientific 

concepts, enhancing analytical reasoning, and promoting 

reflective thinking throughout the learning process. Among 

the critical thinking indicators, elementary clarification 

obtained the highest post-test score, whereas inference 

demonstrated the lowest improvement. The pre-test and 

post-test results of the control class are presented in Fig. 3. 

Fig. 3. Average pre-test and post-test scores of students’ critical thinking 
skills in control class. 

In contrast, the control class, which received instruction 

through a conventional inquiry model assisted by 2D images, 

showed a lower degree of improvement. As displayed in 

Fig. 3, the average pre-test score in the control class was 

64.40, which increased slightly to 68.40 in the post-test. The 

N-gain value was 0.35, which is also categorized as

moderate [61]. Indicator-level analysis revealed that

elementary clarification achieved the highest score, whereas

advanced clarification showed the lowest. Although an

improvement was observed, the gain remained relatively

limited, indicating that conventional inquiry learning

supported by static 2D visuals was less effective in

stimulating students’ critical thinking processes, particularly

in connecting scientific ideas to real-world contexts and in

constructing evidence-based reasoning.

Based on the inferential statistical analysis, the 

independent t-test of the post-test data between the 

experimental and control classes yielded a significance value 

(Sig. 2-tailed) of 0.025, which is lower than α = 0.05. This 

result indicates a statistically significant difference in 

students’ critical thinking skills between the two groups. 

Accordingly, the null hypothesis (H₀) is rejected and the 

alternative hypothesis (Hₐ) is accepted. Therefore, it can be 

concluded that the implementation of the Augmented 

Reality–Scaffolded Inquiry (AR-SI) model was significantly 

more effective in improving students’ critical thinking skills 

compared to the conventional inquiry model assisted by 2D 

images. This finding highlights that the integration of 

interactive AR visualization with structured scaffolding 

created a more meaningful and reflective learning 

environment that effectively fosters students’ higher-order 

thinking skills. 

The significant difference between the experimental and 

control groups demonstrates that the integration of 

Augmented Reality–Scaffolded Inquiry (AR-SI) effectively 

enhances students’ critical thinking skills in science learning. 

This improvement can be attributed to the way AR-SI allows 

students to engage directly with dynamic scientific 

visualizations while receiving structured guidance 

throughout all phases of inquiry. In this study, the AR-SI 

model was implemented in a practical-oriented setting to 

ensure that students could connect hands-on experimentation 

with digital visualization and scaffolded reasoning. The 

learning sequence began with students conducting laboratory 

activities involving reflex and voluntary movements to 

observe physiological responses directly. After gathering 

data, students completed a worksheet that guided them to 

describe observations, identify variables, and formulate 

preliminary explanations. They then explored AR-based 

visualizations embedded in the scaffolded inquiry worksheet, 

enabling them to examine neural pathways, ion exchange 

processes, and synaptic mechanisms through 

three-dimensional interactive models. Scaffolded prompts 

directed students to analyze discrepancies between their 

predictions and the AR simulations, interpret how neural 

impulses propagate in the human body, and justify the 

physiological responses observed during the practicum. This 

integration of physical experimentation, AR-enhanced 

conceptual exploration, and structured scaffolding provided 

the foundational conditions under which students’ critical 

thinking skills could develop. 

The AR-SI learning process shaped how students 

organized their reasoning during inquiry activities. The 

structured sequence of hands-on experimentation, guided 

worksheets, and AR-supported exploration encouraged 

students to follow a logical flow when processing 

information, from observation to explanation. By engaging 

with scaffolded questions and visual cues at each inquiry 

stage, students were supported in monitoring their own 

thinking, revisiting initial assumptions, and refining 

explanations based on evidence. This process fostered a more 

systematic approach to scientific reasoning, preparing 

students to engage more deeply with higher-order thinking 

tasks and setting the foundation for the development of 

multiple dimensions of critical thinking observed in the 

experimental class. 

Students in the experimental class demonstrated the 

development of multiple dimensions of critical thinking, 

particularly in their ability to analyze causal relationships, 

evaluate evidence, and construct justified scientific 

explanations. Using AR, they were able to observe biological 

mechanisms that are normally invisible, such as impulse 

transmission, synaptic activity, and ion exchange within 

neurons, which enabled them to make evidence-based 

interpretations. As illustrated in Fig. 4, during reflex testing 

activities, students interpreted how stimuli travel through 

sensory and motor pathways by linking AR-based neural 

pathway visualizations with the outcomes of their laboratory 

experiments. These forms of reasoning reflect essential 

components of critical thinking, including explanation, 

interpretation, and inference. This finding aligns with prior 

research showing that mobile AR applications can enhance 

students’ reasoning and visualization abilities in science 
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contexts [62], and that AR-supported cultural or contextual 

learning can strengthen analytical and representational 

thinking [63]. Likewise, the study by Zhang et al. [64] 

demonstrates that progressive scaffolding steps substantially 

improve students’ reasoning abilities by supporting them as 

they construct knowledge systematically. 

(b) 

Fig. 4. Visualization of the augmented reality–scaffolded inquiry (AR-SI) (a) 
locomotor–nervous system (b) locomotor–muscular system. 

 

Among the indicators of critical thinking, elementary 

clarification achieved the highest gain in the experimental 

class. Students showed improved ability to describe 

biological events clearly and logically, such as explaining the 

sequence of nerve impulse transmission during reflex actions 

or identifying key structures involved in synaptic processes 

when visualized through AR. The immersive AR 

representations supported students in recognizing essential 

elements of a concept, distinguishing relevant from irrelevant 

information, and verbalizing these ideas coherently. This 

aligns with previous research showing that inquiry-based 

science learning with AR strengthens students’ ability to 

construct scientific explanations and engage in fundamental 

reasoning [65]. Conversely, the inference indicator 

demonstrated the lowest improvement. Drawing conclusions 

and generating hypotheses from observed data, for example 

predicting how disrupted ion channels could influence signal 

transmission, requires higher-order reasoning skills that 

usually develop over longer periods and with more sustained 

scaffolding support. Similar findings in informal science 

learning contexts using AR and metacognitive scaffolding 

also reported limited growth in students’ inferential 

reasoning despite improvements in conceptual 

understanding [65]. Overall, these results show that the 

combination of interactive visualization and structured 

scaffolding in AR-SI learning not only improves conceptual 

comprehension but also systematically supports the 

development of multiple dimensions of critical thinking. 

B. Students’ Communication Skills

The quantitative analysis of students’ communication

skills was conducted to examine the effectiveness of the 

AR-Scaffolded Inquiry (AR-SI) learning model compared to 

the conventional inquiry approach assisted by 2D images. 

Data were collected from pre-test and post-test results 

administered to both the experimental and control classes. 

The comparative results for each class are presented 

separately to illustrate the improvement patterns in students’ 

communication performance. Data on students’ 

communication skills in the experimental class are presented 

in Fig. 5. 

Fig. 5. Average pre-test and post-test scores of students’ communication 

skills in experimental class. 

Based on the analysis results in the experimental class, 

learning through the AR-Scaffolded Inquiry model resulted 

in a significant improvement in students’ communication 

skills. As presented in Fig. 5, the students’ average pre-test 

score was 71.41, which increased to 80.04 in the post-test 

after implementing the AR-SI model. The N-gain score was 

calculated at 0.89, which falls into the high category 

according to Hake [61]. This result shows that integrating 

Augmented Reality with structured scaffolding effectively 

enhances students’ communication processes, particularly in 

expressing ideas clearly, providing relevant explanations, and 

engaging more confidently in discussions during science 

learning activities. Among the two communication indicators 

assessed, written communication showed the highest 

post-test improvement, while oral communication 

demonstrated the lowest. 

In contrast, the control class taught using a conventional 

inquiry model assisted by 2D images showed less 

(a) 
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The distinctive feature of the AR-SI model lies in its dual 

mechanism that combines immersive AR visualization with 

systematic scaffolding across inquiry phases. Unlike 

conventional AR-based learning that primarily emphasizes 

visualization, AR-SI incorporates guided questioning, 

reflection prompts, and iterative feedback loops that direct 

students to analyze, critique, and synthesize information. 

These scaffolding components encouraged students to 

articulate complex neural processes, identify relevant 

variables, distinguish between reflex and voluntary 

responses, and construct mechanistic explanations that 

connect real-time observations with scientific theory. In 

comparison to traditional inquiry learning, AR-SI addresses 

the challenge of abstract concept exploration by embedding 

real-time AR representations that make microscopic or 

intangible biological processes visible and cognitively 

accessible. This synergy enables students not only to observe 

and explore phenomena but also to interpret, reason, and 

construct scientific understanding more effectively.



improvement. As illustrated in Fig. 6, the average pre-test 

score was 71.50, which slightly increased to 72.80 in the 

post-test. The obtained N-gain value was 0.65, categorized as 

moderate [61]. Although there was some improvement, it 

was relatively limited. This suggests that using static 

two-dimensional visuals in the inquiry process was less 

effective in enhancing students’ ability to articulate scientific 

concepts. It was also less effective in supporting coherent and 

persuasive communication of reasoning. As in the 

experimental class, written communication achieved the 

highest post-test score, whereas oral communication was the 

lowest. 

Fig. 6. Average pre-test and post-test scores of students’ communication 

skills in control class. 

Based on the inferential statistical analysis, the 

independent t-test of the post-test data between the 

experimental and control classes yielded a significance value 

(Sig. 2-tailed) of 0.017, which is lower than α = 0.05. This 

result indicates a statistically significant difference in 

students’ communication skills between the two groups. 

Accordingly, the null hypothesis (H₀) is rejected and the 

alternative hypothesis (Hₐ) is accepted. Thus, the 

AR-Scaffolded Inquiry learning model was significantly 

more effective in enhancing students’ communication skills 

compared to the conventional inquiry model. The 

improvement suggests that integrating Augmented Reality 

with scaffolded inquiry activities facilitates concept 

understanding. It also strengthens students’ ability to 

articulate ideas, exchange arguments, and communicate 

scientific reasoning clearly and confidently during the 

learning process.  

The improvement in communication skills can be 

attributed to the interactive and immersive nature of AR-SI 

learning, which allows students to visualize complex systems 

and exchange interpretations collaboratively. Augmented 

Reality facilitates active meaning-making through visual and 

spatial representations, while scaffolding ensures that 

communication occurs within structured inquiry stages that 

promote questioning, reasoning, and articulation of ideas. As 

shown in Fig. 7, students engaged in collaborative 

discussions while using AR to explain observed phenomena, 

ask questions, and justify their interpretations to peers. This 

aligns with [66–68], which highlighted that learning 

environments combining visual media and inquiry-based 

interaction help students organize thoughts coherently and 

express them verbally and in writing. Through AR-SI, 

students become active communicators rather than passive 

recipients, constructing and negotiating meaning with peers, 

which makes their communication more purposeful and 

scientifically grounded. 

(a)                                                           (b) 

Fig. 7. Student communication activities (a) teacher assisting students in 
using AR; (b) peer discussion during inquiry activities. 

Interestingly, written communication showed greater 

improvement than oral communication. This suggests that 

students felt more confident and organized expressing their 

ideas in writing, as it provided additional time for reflection 

and conceptual structuring. In contrast, oral communication 

required spontaneous articulation and confidence, which 

some students still found challenging. Similar findings were 

reported by Lev-ari [34], who noted that students with 

stronger communication competence tended to display 

positive interpersonal behavior and greater engagement, 

while those with weaker oral fluency may experience 

hesitation or discomfort during group discussions. Moreover, 

AR-based inquiry activities, which often culminated in 

written reflections or report sharing, provided more frequent 

opportunities for students to practice scientific writing than 

extended oral discourse [69, 70]. 

Overall, these findings affirm that integrating Augmented 

Reality with scaffolded inquiry not only enhances conceptual 

understanding but also effectively develops communication 

competence, particularly in written expression. This finding 

is consistent with prior research in technology-integrated 

STEM learning contexts, which demonstrated that digital 

interactions enhance students’ motivation, confidence, and 

science communication skills across diverse settings [71, 72]. 

V. CONCLUSION

The implementation of the Augmented Reality–Scaffolded 

Inquiry (AR-SI) model in science learning has proven 

effective in enhancing students’ critical thinking and 

communication skills. By integrating Augmented Reality 

visualization with structured scaffolding in inquiry-based 

learning, students can conceptualize abstract scientific 

phenomena more concretely, establish meaningful 

relationships between concepts, and communicate their 

understanding both orally and in writing. The findings show 

that students engaged in AR-SI learning demonstrate stronger 

abilities in providing clear explanations, applying scientific 

reasoning strategies, and expressing investigation results 

effectively. Therefore the AR-SI model is highly 

recommended for adoption by science teachers as an 

innovative learning approach that not only fosters critical 

thinking and scientific communication but also promotes 

active and engaging classroom interactions. 

Considering that the improvement in critical thinking skills 

was at a moderate level, future studies are encouraged to 

implement the AR-SI model over longer instructional periods 

to examine its sustained effects and potential for achieving 

higher levels of improvement. Future research is 

recommended to apply the AR-SI model in different 
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educational levels, across various science topics or 

disciplines to test its adaptability and broader impact on 

students’ scientific literacy and learning engagement. 
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