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Abstract

Critical thinking is an essential 21st-century competency. Many junior high school students still
demonstrate low levels of mathematical critical thinking. This study aims to develop ARGEONET, an
integrated augmented reality media resource that supports the MathVerse M6 learning model and is
designed to improve students' critical thinking skills in mathematics. The research employed a Research
and Development (Plomp's educational design framework). The participants were 30 junior high school
students in Banyuwangi Regency, East Java, Indonesia, selected through purposive sampling. Data
were collected using expert validation sheets, observation sheets, student response questionnaires, and
mathematical critical-thinking tests. The results show that ARGEONET obtained very high validity,
with scores of 89% and 93% from validators, and was classified as very practical, with scores of 86.06%
from students and 91.43% from teachers. Effectiveness analysis showed significant differences in five
critical thinking indicators: focus (sig. 0.004), reason (sig. 0.001), inference (sig. 0.003), situation (sig.
0.050), clarity (sig. 0.481), and overview (sig. 0.042). The effect size from each indicator, namely small
(clarity), medium (situation and overview), and large (focus, reason, inference). ARGEONET shows
potential as an augmented reality media to enhance students' critical thinking skills.
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1. INTRODUCTION

Critical thinking skills are among the essential competencies of the 21st century. In
mathematics education, individuals with strong critical thinking skills tend to be more
proficient in problem-solving (Aslan & Aybek, 2024; Susandi et al., 2022). Critical thinking
skills enable students to solve mathematical problems while making logical and rational
decisions based on the available evidence and contextual aspect (Demircioglu et al., 2023;
Mahdi & Sahari, 2024). Therefore, the Indonesian government emphasizes the importance of
developing critical thinking skills in every teaching and learning activity to prepare students
to face future challenges (Kemendikbud, 2022). To facilitate the development and evaluation
of these competencies, many experts have formulated aspects or indicators of critical thinking
that can be used as a basis for planning learning activities. Several experts who formulated
aspects of critical thinking are Facione et al. (1995) and Ennis (1996).

Facione et al. (1995) divided critical thinking into six abilities, which include: (1)
interpretation, the ability to understand and restate the information obtained; (2) analysis, the
ability to observe and break down information in detail for further examination; (3) inference,
the ability to draw conclusions; (4) evaluation, the ability to assess the strength of arguments;
(5) explanation, explaining the thought process or reasoning used to reach a conclusion; and
(6) self-regulation, reflecting on one's thinking and correcting errors if necessary. Meanwhile,
Ennis (1996) states that critical thinking consists of six components which is known by the
acronym FRISCO, namely (1) focus, concentrating attention on the problem at hand; (2)
reason, the ability to provide appropriate and logical justification; (3) inference, which is the
ability to draw conclusions based on evidence or information; (4) situation, which is the ability
to adjust judgments according to the context of the problem; (5) clarity, or the ability to explain
ideas clearly and in detail; and (6) overview, which is the ability to review the thinking process
that has been undertaken. The examination of critical thinking skills in this study uses
indicators developed by Ennis (1996). This selection is due to the Ennis indicators enabling
researchers to identify the stage of critical thinking in students' problem-solving outcomes.
These six components illustrate an individual's capacity for rational, directed, and reflective
thinking when addressing a problem. Based on the six components of critical thinking
according to Ennis (1996), indicators of critical thinking ability are formulated as presented in
Table 1.

Table 1. Indicators of critical thinking ability

No Critical Thinking Ability Indicators

1  Focus Writing down the necessary information to answer questions

2 Reason Providing reasoning based on relevant facts or evidence at
every step of decision-making

3 Inference Drawing correct conclusions based on appropriate reasoning

Situation Using all information according to the given problem

5 Clarity Providing further explanation of the conclusions that have
been made

6  Overview Checking for errors that occur at each step that has been

taken
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Individuals who can achieve the six components of critical thinking ability in Table 1
are considered capable of producing comprehensive problem-solving, from focusing attention
on the problem to reviewing the thought process that has been carried out. However, in reality,
not all individuals, especially students, can reach these indicators. This is due to students'
critical thinking skills in mathematics still being relatively low. The low level of mathematical
critical thinking ability is shown by the results of the 2015 Trends in International Mathematics
and Science Study (TIMSS), which placed Indonesia at rank 46 out of 51 countries (Egan et
al., 2022; Whitney-Smith, 2023). The results of the 2022 Programme for International Student
Assessment (PISA) also show that Indonesian students' mathematical literacy ranks 69th out
of 80 countries (OECD, 2023; Wijaya et al., 2024). In addition, based on a preliminary study
of junior high school students in Banyuwangi Regency, East Java, Indonesia, the three
indicators of critical thinking in solving problems related to nets of flat-sided three-
dimensional shapes have not yet been met. The indicators that have not yet been met are focus,
situation, and clarity. First, the focus indicator was not met because the students were unable
to write down the information needed to answer the question, namely the length, width, and
height of the block. Second, the situation indicator was not met because the students were
unable to use all the available information to solve the problem. Third, the clarity indicator
was not met because the students were unable to explain the reasoning behind their final results
and conclusions. These results highlight the low level of Indonesian students’ mathematical
critical thinking skills, indicating the need for learning designs that can foster such abilities.
Integrating digital technology into mathematics learning is one of the potential solutions to
address the low level of students’ mathematical critical thinking skills. This integration can be
achieved through the use of Augmented Reality (AR). AR has the potential to support the
development of students’ critical thinking skills (Demircioglu et al., 2023). Interactive
visualizations in AR encourage students to analyze information, evaluate alternative solutions,
and engage in logical reasoning to solve problems (Mandala et al., 2025; Maulida et al., 2024).

The potential of AR to support students’ critical thinking skills is closely linked to the
increasing role of digital technology in education. In the digital era, students often described
as digital natives are accustomed to technology from an early age (Alruthaya et al., 2021),
making technology integration essential to enhance mathematics learning. One of promising
technology-based educational innovations is the Metaverse. The Metaverse is a virtual
environment that enables interactive, immersive, and collaborative learning experiences
(Cheerapakorn et al., 2024; Ma et al., 2023; Talan & Kalinkara, 2022). The integration of the
Metaverse into mathematics education can enhance students’ motivation and engagement in
learning activities (Al Khateeb & Alotaibi, 2024; Kongkhen & Chatwattana, 2023; Suh &
Ahn, 2022). Since mathematical concepts are often abstract and difficult for students to grasp,
Metaverse-based visualization can help make these concepts more concrete and easier to
understand (Avcu & Yaman, 2024; Tural & Kocak, 2023). Thus, interactive virtual
environments like the Metaverse not only strengthen students’ conceptual understanding but
also enhance their mathematical critical thinking (Hazaymeh & Alomery, 2021; Pereles et al.,
2024). To optimize the potential of the Metaverse in fostering students’ mathematical critical
thinking skills, it is necessary to integrate it with a learning model that emphasizes active and
collaborative.
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The M6 learning model is designed to integrate various syntaxes that involve active
and collaborative student activities. This model consists of six main phases: (1) focusing on
prior abilities, (2) justifying concepts, (3) investigating problems, (4) presenting ideas, (5)
conducting evaluation, and (6) concluding the learning outcomes (Susandi et al., 2022). The
purpose of this model is to develop critical thinking, creativity, collaboration, and
communication, key competencies required to face 21st-century challenges. By integrating
Metaverse technology into the M6 learning model, classroom learning is expected to become
more interactive, engaging, and effective, thereby enhancing students’ mathematical critical
thinking skills. Based on previous studies, research on the integration of Metaverse technology
in mathematics education demonstrates significant potential for enhancing learning quality.
The position of the present study is summarized in Table 2.

Table 2. Position of this research

Researcher (Year) Focus Result
Avci and AkgUL Development Metaverse can create an interactive and
(2024); Mutchima et metaverse to enhance immersive learning environment.
al. (2025); students’ critical Furthermore, the use of Metaverse in

Rachmadtullah et al.
(2023)

Chang et al. (2022);
Esin and Ozdemir
(2022)

Khusna et al. (2024);
Nosrat and Parsafar
(2018); Wang and
Abdullah (2024)

Darmawan et al.

[This research]

thinking

Development of
Augmented Reality
(AR) to enhance
students’
understanding

Students’ critical
thinking in solving
mathematical problems

Development of
Augmented Reality
(AR) integrated e-
content media to
enhance students’
critical thinking

education can significantly improve learning
quality, including critical thinking

Augmented reality enriches learning
experiences by enhancing student
engagement and understanding, particularly
in visualizing complex concepts like spatial
geometry and function graphs

A well-designed mathematics learning
approach that integrates problem-solving
methods, collaborative non-routine tasks, and
instructional strategies with clearly defined
critical thinking goals has been proven
effective in enhancing students’ critical
thinking skills

The ARGEONET M6 is valid, practical, and
effective, and enhances students’ critical
thinking

Table 2 outlines previous studies concerning the integration of Metaverse and
Augmented Reality (AR) technologies in mathematics education, as well as research on
students’ critical thinking in mathematical problem solving. Findings from Avci and AkgUL
(2024), Mutchima et al. (2025), and Rachmadtullah et al. (2023), demonstrate that the
Metaverse fosters an immersive and interactive learning environment that enhances learning
quality and supports the development of critical thinking. Studies by Chang et al. (2022), and
Esin and Ozdemir (2022), reveal that AR-based learning can increase students’ engagement
and facilitate understanding of abstract mathematical concepts. Meanwhile, Khusna et al.
(2024), Nosrat and Parsafar (2018), Wang and Abdullah (2024) emphasize that well-structured
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instructional designs incorporating problem-solving strategies, collaborative non-routine
tasks, and clearly defined critical thinking objectives effectively strengthen students’ higher-
order thinking skills. Although several studies have examined the use of immersive
technologies in education, there is still a lack of research focusing on the systematic
development of Augmented Reality based e-content aimed at enhancing students’ critical
thinking skills. To address the research gap, this current study developed ARGEONET M6,
an Augmented Reality integrated e-content designed to foster students’ critical thinking in
mathematics learning.

The ARGEONET design aligns with critical thinking indicators, namely focus, reason,
inference, situation, clarity, and overview. First, to stimulate the focus indicator, ARGEONET
provides instructional videos and AR visualizations that help students understand the
relationship between the elements of three-dimensional shapes and their net. Second, the
reason indicator is stimulated through justification activities to help students generate logical
reasons and evidence for their answers. Third, the inference indicator is stimulated through
investigation and problem-solving activities so that students can draw relevant conclusions.
Fourth, the situation indicator is stimulated through tasks that require students to use
appropriate mathematical information and concepts, such as in activities involving the
identification of nets of flat-sided three-dimensional shapes. Fifth, the clarity indicator is
stimulated through presentation and evaluation activities to provide justification for their
thinking. Sixth, the overview indicator is stimulated through evaluation and reflection
activities that guide students to review the solutions they have obtained. The aim of this study
is to develop ARGEONET, an Augmented Reality integrated e-content designed to foster
students’ critical thinking in mathematics learning. Specifically, the study seeks to analyze the
process and outcomes of developing ARGEONET to ensure that it meets the criteria of
validity, practicality, and effectiveness to enhance students’ critical thinking.

2. METHOD
2.1. Research Design

This research is a research and development (R&D) type of research employing the
educational design framework proposed by Plomp (2013), which consists of three stages: (a)
the preliminary research phase, (b) the prototyping phase, and (c) the assessment phase. In the
preliminary research stage, a literature review, curriculum analysis, classroom observation,
and test to determine students' critical thinking levels were conducted. Next, the prototype
phase involves the development of instruments, testing the validity and reliability of the
instruments, and developing the design and learning media of ARGEONET. The assessment
stage is the final phase, in which an evaluation of the quality of the developed product
ARGEONET, is carried out by conducting validity, practicality, and effectiveness tests based
on the product quality criteria proposed by Nieveen and Folmer (2013). Validity was assessed
through expert judgment, practicality was assessed through the implementation of the media
and users' responses, and effectiveness was assessed through students' critical thinking
achievement after using ARGEONET.
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2.2. Participants and Research Setting

This research was conducted at a private junior high school located in Banyuwangi
Regency, East Java, Indonesia. The school was chosen because its facilities and infrastructure
support the implementation of technology-based learning. The selection was based on the
criteria and specifications of devices for accessing ARGEONET. The first criterion is the
availability of adequate internet access since ARGEONET is a web-based media that can only
be accessed online. The second criterion is the availability of technological devices, whether
school facilities or personal ownership by teachers and students. ARGEONET is compatible
with Android, 10S, Windows, and macOS operating systems. Thus, ARGEONET can be
accessed through various devices including smartphones, tablets, computers, or smart TVs
equipped with browsers such as Google Chrome, Microsoft Edge, Mozilla Firefox, or the
standard web browser available on the device.

Before the implementation is carried out, the researcher involved 15 students as
respondents for the validity and reliability testing of the instrument. Next, this study involved
30 ninth-grade students of junior high school as a sample to conduct practicality and
effectiveness tests of ARGEONET. The students involved in the validity and reliability testing
of the instrument were at the same educational level and school but in different classes. The
selection of the sample class employed purposive sampling based on teacher recommendations
and considered the students' characteristics, specifically those who had acquired prerequisite
knowledge on the elements of three-dimensional shapes. In addition, the students chosen as
the sample had undergone learning treatment on three-dimensional nets using ARGEONET
and completed pretest and posttest to analyze its effectiveness using a One Group Pretest-
Posttest design. Therefore, the findings cannot yet be generalized to all junior high school
students and are limited to students with similar characteristics and learning conditions.
Furthermore, the assessment of ARGEONET's practicality was also conducted by a
mathematics teacher who acted as the implementer. Meanwhile, the ARGEONET validation
test by the researcher involved 2 experts in mathematics education who are lecturers with
doctoral or professorial qualifications. To further explore the ARGEONET features that affect
each component of critical thinking, the researchers interviewed 6 students who served as the
study sample.

2.3. Research Instrument

The product validity instrument consists of validation sheets for ARGEONET learning
media based on the Metaverse M6 learning model. These sheets were provided to two experts
considered qualified to assess the aspects contained in the device or instrument being
developed. Furthermore, the practicality instrument used in this study consisted of student and
teacher user response questionnaires. These questionnaires were used to evaluate ease of use,
the usefulness of features in facilitating student learning, the capability of the Metaverse M6-
based ARGEONET media in enhancing students' understanding of three-dimensional nets, the
attractiveness of design and interactivity, operational smoothness, relevance to the learning
material, as well as recommendations. Meanwhile, the effectiveness of the ARGEONET
media was measured using pretest and posttest instruments. The pretest and posttest
instruments provided to the students are shown in Figure 1.
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1. Salsa sedang menyusun jaring-jaring balok dari potongan kardus. Jaring-jaring yang 1. Rina scdang membuat sebuah kotak penyimpanan berbentuk balok. Balok itu disusun
dirancang Salsa memiliki ukuran sebagai berikut dari beberapa potongan kardus dengan rancangan ukuran sebagai berikut
nen

Salsa menyusun balok tersebut dengan selotip sebagai perckanya. Berdasarkan Rina merckatkan potongan-potongan kardus terscbut dengan menggunakan lakban.
informasi-informasi yang diberikan, jawablah pertanyaan atau perintah berikut. Berdasarkan informasi-informasi yang diberikan, jawablah pertanyaan atau perintah
a. Tuliskan informasi-informasi yang Anda pahami berdasarkan pemyataan dan berikut.
gambar di atas! a. Tuliskan informasi-informasi yang Anda pahami berdasarkan pemyataan dan
b. Berapakah panjang minimal sclotip yang dibutuhkan oleh Salsa? Berikan cambar di atas!

alasan-alasan pada setiap langkah penyelesaian yang Anda lakukan!

b. Berapekah panjang minimal lakban yang dibutuhkan oleh Rina? Berikan
¢. Kesimpulan apa yang Anda dapatken berdzsarken jawsban soal b7 alasan-alasan pada sctiap langkah penyclesaian yang Anda lakukan!
d. Informasi apa ssja yang Anda gunakan untuk menjawab soal b? ¢. Kesimpulan apa yang Anda dapatkan berdasarkan jawaban soal b?
¢ impulan terscbut? (Beri alasan yang logis) d. Informasi apa saja yang Anda gunakan untuk menjawab soal b?
£ ock adanya kesalahan pada setiap langkah yang telsh e. Mengapa Anda membuat kesimpulan tersebut? (Beri alasan yang logis)
Anda lakukan? Jika tidak ada kesalahan, bagaimana cara Anda memastikan © Bagaioman cara Anda mengecck adanya kesalahan pada sctiop langkah yang telgh

j E enar?
bahwa jawabenmu sudah benar Anda lakukan? Jika tidak ada kesalahan, bagaimana cara Anda memastikan
2. Bu Rani berencana membuat souvenir miniatur piramida berbentuk limas segiempat yang bahwa jawabanmu sudah benar?

kerangkanya terbuat dari scutas kawat. Alas piramida terscbut berbentuk persegi dengan

wkuran rusuknya 6 cm, sedangkan seluruh rusuk tegaknya berukuran 8 cm. Berdasarkan 2. Tita berencana membuat miniatur tenda berbentuk limas segiempat yang kerangkanya
informasi-informasi yang diberikan, jawablah pertanyaan atau perintah berikut terbuat dari lidi di mana tiap batangnya memiliki panjang 10 cm. Alas tenda tersebut
a. Tuliskan informasi-informasi yang Anda pahami berdasarkan pernyataan dan berbeniuk persegi dengan ukuran sisi 7 em, sedangkan selurub rusuk tegaknya berukuran
gambar di atas! 13 cm. Berdasarkan informasi-informasi yang diberikan, jawablah pertanyaan atau
b. Berapa panjang minimal kawat yang dibutuhkan Bu Rani untuk membuat perintah berikut.
kerangka miniatur piramida tersebut? Berikan alasan-alasan pada setiap langkah a. Tuliskan informasi-informasi yang Anda pahami berdasarkan pernyataan dan
penyelesaian yang Anda lakukan! ‘gambar di atas!
<. Kesimpulan apa yang Anda dapatkan berdasarkan jawaban soal b? b. Berapakah ban al batang lidi yang dibutuhkan oleh Tita? Berikan
o Informasi apa saja yang Anda gunakan untuk menjawab soal b? alasan-alasan pada setiap langkah penyelesaian yang Anda lakukan!
¢ Mengapa Anda membuat kesimpulan tersebut? (Beri alasan yang logis) K "
esimpulan apa yang Anda dapatkan berdasarkan jawaban soal b
. Bagaimana cara Anda mengecek adanya kesalahan pada setiap langkah yang telah

Informasi apa saja yang Anda gunakan untuk menjawab soal b?
Mengapa Anda membuat kesimpulan tersebut? (Beri alasan yang logis)
Bagaimana cara Anda mengecek adanya kesalahan pada setiap langkah yar
Anda lakukan? Jika tidak ada k Anda memastikan
bahwa jawabanmu sudah benar?

Anda lakukan? Jika tidak ada kesalahan, bagaimana cara Anda memastikan
bahwa jawabanmu sudah benar?

PP

han, bay

Translation: Translation:

from pi

es of cardboard. The net 1. Rina is making a block-shaped storage box. The block is assembled from several pieces

of cardboard with the following structural dimensions.

Salsa arranged the blocks using adhesive tape as the bonding material. Based on the
information provided, answer the following questions or instructio

Rina seals the cardboard pieces together using adhesive tape. Based on the provided

a. Write down the information you understand based on the statement and the image information, answer the following questions or instructions.

above! a. Write down the information you understand based on the statement and the image
b. What is the minimum length of tape required by Salsa? Provide reasons for cach above!

step of your solution! b. What is the minimum length of tape required by Rina? Provide reasons for each
<. What conclusion can you draw based on your answer to question b? step of your solution!
d. What pieces of information did you use to answer question b? . What conclusion can you draw based on your answer to question b?

‘Why did you reach that conclusion? (Provide a logical reason) d. What pieces of information did you use to answer question b?

How do you check for crrors in ach step you have taken? If there are no errors, . Why did you reach that conclusion? (Provide a logical reason)

how do you ensure that your answer is correct? f. How do you check for errors in each step you have taken? If there are no errors,
how do you ensure that your answer is correct?

2. Ms. Rani plans to make pyramid miniature souvenirs in the form of a square pyramid
¢ frame is made of a picce of wire. The base of the pyramid is a square with side
length of 6 em, while all of its lateral edges are § cm long. Based on the information 2. plans to make a mi
provided, answer the following questions or instructions. constructed from wooden sticks, where each stick has a length of 10 em. The base of the

a. Write down the information you understand based on the statement and the image

wre tent in the shape of a rectangular pyramid, with a frame

tent is a square measuring 7 cm on each side, while all the lateral edges measure 13 em

" e N )
above . X Based on the provided information, answer the following questions or instructions.

b. What is the minimum leagh of wire needed by Mis. Rani to coostnuct the a. Write down the information you understand based on the statement and the image
‘pyramid miniature frame? Provide reasons for each step of your solution! abovel

c. /] clusi ca aw basc . i ? “ N

¢ What conclusion can you draw based on your answer to question b b, What is the minimum number of wooden sticks required by Tita? Provide reasons

d. What pieces of information did you use to answer question b? )  step o ot

> for cach step of your solution!

. Why did you reach that conclusion? (Provide a logical reason) cach step of your sc

- : ol c. What picces of information did you use to answer question b?

. How do you check for errors in cach step you have taken? If there arc no errors,

d. Why did you reach that conclusion? (Provide a logical reason)
¢ How do you check for errors in cach step you have taken? I there are no crrors,
how do you ensure that your answer is correet?

(a) (b)

Figure 1. (a) Pretest questions; (b) Posttest questions

how do you ensure that your answer is correct?

The assessment of the pretest and posttest instruments in Figure 1 is based on the
assessment rubric according to the critical thinking indicators in Table 1. Students' answers for
each indicator are rated using a likert scale from 0 to 3 as shown in Table 3.

Table 3. Assessment rubric

Critical Thinking
Skills
Focus Writing down 3 Students write down all the information known in
the necessary the question completely and accurately.
information to )
answer questions

Indicator Score Scoring Criteria

The students wrote down some of the information
they knew on the question correctly, but there was
still important information missing.
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Critical Thinkin . . -
. g Indicator Score Scoring Criteria
Skills

1 The student writes down some of the information
they know from the question, but the information is
inaccurate or doesn't match the problem.

0 The students didn't write down any information they
knew in the question.

Reason Providing 3 The student uses all data and correct logical steps
reasoning based accompanied by clear reasons.
on relevant facts 2 The student uses most of the data and correct logical
or evidence at steps, but the reasoning provided is incomplete or
every step of contains minor errors that do not affect the main
decision- result.
making 1 The student uses some relevant data, but the logical

steps are not quite right, and the reasons given are
unclear or still have some basic mistakes.

0 The students did not perform any calculations nor
provided any reasoning.

Inference Drawing correct 3 The student writes the conclusion correctly.
conclusions 2 The student wrote the conclusion with the correct
based on final answer but made an error in writing the units.
appropriate . . .

. 1 The student wrote a conclusion with an incorrect
reasoning
final answer.

0 The student did not write a conclusion.

Situation Using all Students use information that is relevant to the
information problem appropriately.
according to the 2 The student uses some of the information that is
given problem relevant to the problem, but there is still information

that is not utilized.

1 Students use information that is inaccurate or not
relevant to the problem.

0 The student does not mention information that is
relevant to the problem.

Clarity Providing 3 Students write additional relevant explanations to
further reinforce the conclusion.
explanation of 2 The student provides a general explanation and
the conclusions demonstrates a clear connection with the
tha‘;have been conclusions reached.
made . .

1 The student provides explanations that are general
in nature but has not yet demonstrated a clear
connection to the conclusions drawn.

0 The student did not provide additional explanations
to reinforce the conclusion

Overview Checking for 3 The student writes the checking steps completely
errors that occur and logically.
at each step that 2 The student conducted a check, but the steps written
has been taken are incomplete.

1 The student stated that they had carried out the
check but did not write down the steps or the steps
were illogical.

0 The student did not perform the check.
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Effectiveness of pretest and posttest instruments is tested for reliability using the
Intraclass Cronbach’s Alpha (CA) and Correlation Coefficient (ICC). CA is used to test the
consistency of test items, whereas ICC is used to assess scoring reliability. The criteria for the
Intraclass Correlation Coefficient (ICC) test are presented in Table 4.

Table 4. The criteria for the Intraclass Correlation Coefficient (ICC)

Score Rank Criteria
x<0.50 Poor
0.50 <x<0.75 Moderate

0.75<x<0.90 Good
x>0.90 Excellent

(Source: Koo & Li, 2016)

In the reliability test, the results of students' pretest and posttest were assessed by two
raters who hold bachelor's degrees in mathematics education and have more than two years of
teaching experience at the junior high school level. Both raters used the same assessment rubric
to ensure consistency and objectivity in the assessment process. The rubric was based on
critical thinking indicators, mapping six types of indicators, there are focus, reason, inference,
situation, clarity, and overview. Meanwhile, the criteria for the Cronbach’s Alpha test are
presented in Table 5.

Table 5. Cronbach’s Alpha test criteria

Cronbach’s Alpha Reliability
CA<0.70 Not Reliable
CA4>0.70 Reliable

(Source: Groenwold et al., 2018)

If the reliability test results prove the measurements are consistent, then the pretest and
posttest instruments can be used. Furthermore, the students’ scores after implementation were
analyzed using a One Group Pretest—Posttest design. In addition, there is also a validated semi-
structured interview guideline instrument to further explore the ARGEONET features that
impact each component.

2.4. Analyzing of Data
2.4.1. Validity of ARGEONET

Validators fill out assessment questionnaires on validation instruments containing item
statements in accordance with the aspects observed for the purpose of tabulating data scores
from the ARGEONET assessment. The ARGEONET validation scoring guidelines using a
Likert scale ranging from 1 (very poor) to 5 (very good). The validator's assessment data is
analyzed using a validity data analysis technique with the following formula.

Total score

From the validity scores obtained, the researcher categorized the types of validity of
the ARGEONET teaching media according to the validity criteria presented in Table 6.
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Table 6. Validity criteria

Score Criteria
85% < V'<100% Very valid
70% < V' <85% Valid
50% < V'<70% Less valid
1% < V' <50% Not valid

(Source: Kishore et al., 2021)

ARGEONET to enhance students' critical thinking is said to be valid if the validity
percentage is > 70%.

2.4.2. Practically of ARGEONET

In the practical test, data tabulation was collected from teachers and student’s
responses through filling out the ARGEONET teaching media practically test questionnaires.
The scoring guidelines for ARGEONET practically test using a Likert scale ranging from 1
(very poor) to 5 (very good). The data obtained from the teacher responses were analyzed
using practical data analysis techniques with the following formula.

Total score

Practicality percentage (P) = Max Score. x 100%

From the average scores obtained, the researchers categorized the practicality of the
ARGEONET teaching media according to the practicality test criteria presented in Table 7.

Table 7. Practically criteria

Score Criteria
80% < P <100% Very practical
60% < P <80% Practical
40% < P <60% Quite Practical
20% < P <40% Less practical
0% <P <20% Impractical

(Source: Rassyi et al., 2023)

ARGEONET to enhance students' critical thinking is considered practical if the P
percentage is > 61%.

2.4.3. Effectiveness of ARGEONET

The effectiveness of ARGEONET can be obtained from student learning outcomes
after using ARGEONET. Students' learning outcomes are measured through pretests and
posttest scores. The data were analyzed quantitatively using a One Group Pretest—Posttest
design with SPSS, following these steps.

a. The researchers collected pretest and posttest scores

b. Data collected according to the aspects of critical thinking are gradually entered into the software
for further analysis.

c. The researchers tested the normality of the data on the difference in scores between the pretest and
posttest for each aspect using the Shapiro—Wilk test. If the significance value is greater than 0.05,
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the data is considered normal. Conversely, if the significance value is less than or equal to 0.05, the
data is considered non-normal.

d. The researchers continued their analysis based on the results of the normality test. Normally
distributed data were analyzed using a Paired Sample t-test, while non-normally distributed data
were analyzed using the Wilcoxon Signed Rank Test.

e. In each test, the researcher applied a significance level of o = 0,05

f. This study examines whether there are differences in the aspects of critical thinking, including
focus, reason, inference, situation, clarity, and overview, observed in students. The following
hypotheses were tested.

Ho: there is no difference in student’s critical thinking across the aspects examined (p > 0.05).
Hi: there is difference in student’s critical thinking across the aspects examined (p < 0.05).

After analyzing the differences in students' critical thinking in each aspect, the
researcher conducted calculations using Wilcoxon Effect Size Test. These calculations were
carried out to determine the effect size of Metaverse-based ARGEONET M6 on students'
critical thinking. The formula for the Wilcoxon effect size test is presented as follows.

_iz
~Vn

In that formula, r is the effect size value, Z is the Wilcoxon test statistic value, while n
is the number of samples or data pairs analyzed. From the value obtained, the researchers

r

categorized the effect size of the ARGEONET teaching media according to the criteria
presented in Table 8.

Table 8. Wilcoxon effect size test criteria

Range of  Values Effect Size
r<0.30 Small
0.30<r<0.50 Medium
0.50<r Large

(Source: Cohen, 1992)

3. RESULTS AND DISCUSSION
3.1. Results
3.1.1. Preliminary Phase

Ennis (1996) states that critical thinking consists of six components: (1) focus, (2)
reason, (3) inference, (4) situation, (5) clarity, and (6) overview. In the preliminary study,
certain critical thinking indicators were not achieved by students in solving mathematical
problems. The first was the focus indicator, which students had not achieved, as shown in
Figure 2.
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Translation:
Dina is arranging nets of a rectangular prism from pieces of
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Answer: The cardboard has 6 sections; the smallest section has a
length of 6 cm and a width of 4 cm. The second section has a
length of 12 cm and a width of 4 cm, and the largest section has a
length of 12 cm and a width of 6 cm. Each section has 2 parts and
will be taped with a length of 1.2 cm.
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Figure 2. Student A’s answer indicating the unachievement of the focus indicator

Figure 2 shows that the student has not achieved the focus indicator. This is because
the student was unable to write down the necessary information to answer the question, which
included the length, width, and height of the cuboid. Instead, the student presented the
dimensions of a rectangle, namely length and width, which could potentially lead to
misconceptions when used to solve the problem. An example of a misconception experienced
by the student due to using irrelevant data to solve the problem is presented in Figure 3.
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b) Jika tidak cukup, maka berapa cm panjang selotip yang dibutuhkan agar sctiap
sisi balok dapat melekat sempuma?

a) If it is enough, how many centimeters of tape are left?
b) If it is not enough, how many centimeters of tape are needed
so that each side of the block can be attached perfectly?
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It is enough because the tape is 120 cm/1.2 m long, whereas
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Figure 3. Student’s misconception

In Figure 3, the student experienced a misconception by concluding that the tape
needed to attach the sides of the cuboid completely was 44 cm. The data used by the student
were related to the length and width of a rectangle. However, the correct problem-solving
process requires the use of length, width, and height of the cuboid, which results in 88 cm of
tape being needed to attach the sides properly. Therefore, the focus indicator is important for
students to achieve in order to avoid further misconceptions.
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The second critical thinking indicator that students failed to achieve is the situation
indicator. Evidence of the unachievement of the situation indicator by students is presented in

Figure 4.
3. Kesimpulan apa yang Anda dapatkan berdasarkan jawaban nomor 27 Translation:
4. Informasi apa saja yang Anda gunakan untuk menjawab soal nomor 27 3.What conclusion do you draw based on the answer to question
5. Mengapa Anda b . but? (Beri alasan yang logis) number 272
6. Bagaimana cara Anda mcngccek adanya kesalahan pada setiap langkah yang telah 4. What information did you use to answer question number 27

Anda lakukan? Jika tidak ada kesalahan, bagalmana cara Anda memastikan bahwa
Jjawabanmu sudah benar?

5. Why did you make that conclusion? (Provide a logical reason)
6. How do you check for errors in each step you have taken? If

there are no errors, how do you ensure that your answer is
correct?
Answer:
2. a) because of the perimeter of the
cuboid =6+4+6+4+12+6+
12+4+12+4+4+124+6
= 20+30 +20+18
= 50 +38=288
remaining tape = 120 — 88 = 32 cm
3. Know the method to find the way/which method is used.
4. Determine the surface area of the rectangular prism and
convert it from meters to centimeters if needed.
5. Because the question asks how much is sufficient, determine
the remainder.
6. Perform the calculations accurately and meticulously.

2 A)kosnd ¥l bolok G adagiqs12 62 4aa2 g2 46
£ 20 ¢ @s 304 2003
“C0Oa38: g8
1S siol\te - 12088 > 32 ovy
7. W& lou <A'Q wmoncart caranya /cata ap Y9  giquaakan
a. bip Wou puldkaan bolgk daw  briago jika dri o keoem
S. kareno pettaaniaya ivQ cukup Dryp sisany?

bW
6 dge fuwilunoeh  ya oot i

Figure 4. Student B’s answer indicating the unachievement of the situation indicator

Figure 4. shows that the student was unable to achieve the situation indicator. This is
because the student could not use all the information according to the given problem. In Figure
4, the student wrote that the information used to answer question number 2 was the surface
area of the cuboid and the unit conversion from meters to centimeters. In fact, the information
needed to answer question number 2 included the lengths of the cuboid’s edges (length, width,
and height), the length of the tape, and the calculation of the tape required to attach the net.

The third critical thinking indicator that students failed to achieve is the clarity
indicator. Evidence of the unachievement of the clarity indicator is presented in Figure 5.

£) karena i "“””P“‘a"mja adatah Wy, bagian akhr dan Persoatan,

Translation:
5. because indeed the conclusion is that, the final part of the matter

Figure 5. Student C’s answer indicating the unachievement of the clarity indicator

In Figure 5, the student wrote that the conclusion was the final part of the problem.
This shows that the student was unable to state the reasoning behind the conclusion provided,
indicating that the clarity indicator was not achieved. The unachievement of certain critical
thinking indicators by students demonstrates the need for stimuli to enhance their critical
thinking skills. One possible stimulus is the implementation of the MathVerse M6 learning
model assisted by ARGEONET to improve critical thinking ability.

3.1.2. Prototyping Phase

During the prototype phase, prototyping was conducted on two types of research
instruments, there are the pretest and posttest instruments and the ARGEONET platform. The
objective was to develop pretest and posttest instruments to measure improvements in
students’ critical thinking skills. Furthermore, the prototype phase was also conducted to
produce a functional ARGEONET prototype that could be evaluated in terms of pedagogical,
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content, technology, visual design and multimedia, engagement and motivation, and
accessibility and affordability aspects.

3.1.2.1.Prototyping pretest and posttest Instruments

During the prototype phase of the pretest and posttest, validity and reliability tests were
conducted. The validity test was conducted by experts, and an empirical validity test was
performed using Pearson Product-moment Correlation. Meanwhile, the reliability test utilized
the ICC and Cronbach’s Alpha.

Instrument Validation

Before being used in the study, pretest and posttest measures of mathematical critical
thinking skills were pilot-tested on students with characteristics similar to those of the study
participants. Validation was conducted in two ways, there are expert validation by a doctor in
mathematics education and empirical validation using Pearson’s correlation coefficient, which
involved 15 respondents. First, the results of the expert validity test are presented in Table 9.

Table 9. Results of the expert validity test on the test instrument

Average Score

Test Instrument Aspect Validator 1 Validator 2
Pretest Material 3.67 2.67
Language 3 4
Question Construction 3.5 4
Total Average 3.39 3.56
(84.75%) (89%)
Posttest Material 3.67 2.67
Language 3 4
Question Construction 3.5 4
Total Average 3.39 3.56
(84.75%) (89%)

Second, item validity was analyzed using Pearson’s product-moment correlation. An
item was deemed valid if the calculated correlation coefficient (r-test) was greater than the
critical value of Pearson’s correlation coefficient (r-table) at the selected significance level
(¢=0.05), adjusted for sample size. The results of the empirical validation of the pretest items
are presented in Table 10.

Table 10. Results of the Pearson product-moment correlation validity test

Test Critical Thinking

Instrument Indicator r-test Validity
1 Pretest Focus Question 1: 0.962 > 0.514 Question 1: Valid
Question 2: 0.760 > 0.514 Question 2: Valid
Reason Question 1: 0.910>0.514 Question 1: Valid
Question 2: 0.936 > 0.514 Question 2: Valid
Inference Question 1: 0.922 > 0.514 Question 1: Valid

Question 2: 0.946 > 0.514 Question 2: Valid
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No Test Critical.Thinking test Validity
Instrument Indicator

Situation Question 1: 0.961 > 0.514 Question 1: Valid

Question 2: 0.952 > 0.514 Question 2: Valid

Clarity Question 1: 1.000 > 0.514 Question 1: Valid

Question 2: 1.000 > 0.514 Question 2: Valid

Overview Question 1: 0.967 > 0.514 Question 1: Valid

Question 2: 0.965 > 0.514 Question 2: Valid

2 Posttest Focus Question 1: 0.882 > 0.514 Question 1: Valid
Question 2: 0.932>0.514 Question 2: Valid

Reason Question 1: 0.968 > 0.514 Question 1: Valid

Question 2: 0.955 > 0.514 Question 2: Valid

Inference Question 1: 0.966 > 0.514 Question 1: Valid

Question 2: 0.963 > 0.514 Question 2: Valid

Situation Question 1: 0.919 > 0.514 Question 1: Valid

Question 2: 0.838 > 0.514 Question 2: Valid

Clarity Question 1: 0.952 > 0.514 Question 1: Valid

Question 2: 0.910 > 0.514 Question 2: Valid

Overview Question 1: 0.976 > 0.514 Question 1: Valid

Question 2: 0.933 > 0.514 Question 2: Valid

Table 10 shows that each critical thinking indicator in the pretest and posttest items
was found to be valid because all r-test values for each item were greater than the r-table value
(0.514). Thus, all test items met the criteria for empirical validity and could be used to measure
students’ critical thinking skills during the implementation phase of the study.

Instrument Reliability Test

Reliability testing was conducted using the Intraclass Correlation Coefficient (ICC)
and Cronbach’s Alpha. The ICC was used to calculate inter-rater reliability, which measures
the level of consistency in scoring between two raters regarding students’ responses to open-
ended questions. The ICC was chosen because the research instrument consists of essay
questions that require a subjective scoring process, thus necessitating a test of inter-rater
agreement. Meanwhile, Cronbach’s Alpha was used to test the instrument’s internal
consistency, that is the extent to which the two essay items consistently measure the same
construct. Cronbach's Alpha was chosen because the instrument consists of two items designed
to measure the same aspect, thus requiring information regarding the relationship and
consistency between items. Therefore, the combination of ICC and Cronbach's Alpha can
measure the instrument's reliability in terms of both inter-rater assessment consistency and
item-internal consistency.

The ICC test results for the pretest and posttest instruments from the raters for each
critical thinking indicator are presented in Table 11.
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Table 11. Results of the instrument reliability test
Critical Thinking

No Instrument Type Indicator ICC score Reliability
1 Pretest Focus 0.909 Excellent
Reason 1.000 Excellent
Inference 1.000 Excellent
Situation 0.812 Good
Clarity 1.000 Excellent
Overview 1.000 Excellent
2 Posttest Focus 0.937 Excellent
Reason 0.988 Excellent
Inference 0.989 Excellent
Situation 0.855 Good
Clarity 0.965 Excellent
Overview 0.945 Excellent

Table 11 shows that the Intraclass Correlation Coefficient (ICC) values for the average
measures on the pretest and posttest for the indicators of focus, reason, inference, clarity, and
overview meet the criteria for the “excellent” category. Meanwhile, in the pretest, the situation
indicator met the “good” criteria. This indicates that the inter-rater scoring results exhibit a
high level of consistency and agreement, meaning the assessment instrument is capable of
producing reliable measurements and can be used in research. Furthermore, the results of the
Cronbach’s Alpha test are presented in Table 12.

Table 12. Result of the Cronbach’s Alpha

Critical Thinking Cronbach’s

No Instrument Type Indicator Alpha Reliability
1 Pretest Focus 0.909 > 0.70 Reliable
Reason 1.000 > 0.70 Reliable
Inference 1.000 > 0.70 Reliable
Situation 0.812>0.70 Reliable
Clarity 1.000 > 0.70 Reliable
Overview 1.000 > 0.70 Reliable
2 Posttest Focus 0.937>0.70 Reliable
Reason 0.988 > 0.70 Reliable
Inference 0.989 > 0.70 Reliable
Situation 0.855>0.70 Reliable
Clarity 0.965>0.70 Reliable
Overview 0.945>0.70 Reliable

Table 12 shows that each critical thinking indicator in the pretest and posttest
instruments met the reliability criteria, as evidenced by Cronbach’s Alpha values greater than
0.70. This indicates that each indicator demonstrated a high level of consistency in measuring
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students’ critical thinking skills. Therefore, the pretest and posttest instruments were deemed
reliable and suitable for use as data collection tools in this study.

3.1.2.2.Prototyping ARGEONET

ARGEONET is a technology-based learning media for three-dimensional geometric
nets that integrates with Metaverse and M6 learning model. Therefore, ARGEONET is
designed in accordance with the M6 syntax. The ARGEONET home display and the learning
content menu is presented in Figure 6.

(b)
Figure 6. (2) ARGEONET home display; (b) Learning content menu display

In accordance with the sequence and the number of M6 syntax, there are 6 learning
content menus in the ARGEONET media. The first menu, Activity 1. Let’s Focus on Initial
Ability, presents an instructional video on the nets of three-dimensional shapes accompanied
by augmented reality visualization. The second menu, Activity 2: Let’s Justify, contains
learning videos illustrating examples and non-examples of flat-faced 3D shape nets, also
supported by augmented reality. The display of the learning video and augmented reality
available in this media is shown in Figure 7.
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Figure 7. (a) Learning video; (b) 3D model based on augmented reality

In addition to the menu presenting the two learning e-contents shown in Figure 7,
ARGEONET also includes a learning menu containing problems to enhance students' critical
thinking in the third menu. The third menu, Activity 3: Let’s Investigate, investigate engages
students in critical thinking processes by presenting problems that require focusing questions
and identifying the necessary information, analyzing the reasons for decision-making,
formulating conclusions, and providing further explanations of the conclusions reached. The
provision of problems that require critical thinking is also given in the Competency Test menu.
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This menu allows students to assess their understanding through an interactive quiz that
provides real-time scoring feedback. The display of the investigation and competency test
menu is shown in Figure 8.

i i i berbagai jaringjaring bangus
ruang. Selanjutnya, isilah tabel berikut untuk merumuskan ciri
Jaring-jaring bangun ruang.

(b)

Figure 8. (a) Problems in the investigation menu; (b) Competency test

After students complete Activities 1 to 3 as shown in 8.a, they can evaluate their work
by accessing the fourth and fifth menus. The fourth menu, Activity 4: Let’s Present Ideas,
encourages students to summarize their responses from the previous activities. The fifth menu,
Activity 5: Let’s Evaluate Answers, prompts students to critically assess and justify the
outcomes of their group discussions. The summary display in activity 4 and the instructions
from activity 5 are shown in Figure 9.

Y s @li

Ringkasan Jawaban Kegiatan 1

Kegiatan 5- Mari Meng

Dari hasil jawaban kelompok yang presentasi dan tanggapan
siswa lainnya. Evaluasilah jawaban mana yang menurut )
kalian salah, dan jawaban mana yang menurut kalian benar.

Kemudian, berilah alasan yang tepat dari jawaban yang
kalian evaluasi tersebut.

(a) (b)
Figure 9. (a) Summary of activities presented in Activity 4; (b) Evaluation guidelines in Activity 5

After presenting and evaluating the answers, ARGEONET directs to the sixth menu,
Activity 6: Let’s Conclude Answers, requires students to formulate and write their final
conclusions. In addition, ARGEONET also includes access buttons for the user guide, learning
objectives, the button to print and share answers, and information about the ARGEONET
application itself. Overall, the seven primary features integrated into ARGEONET represent
an implementation of the M6 learning model integrated with the Metaverse (MathVerse M6),
designed to promote the development of students’ critical thinking skills.
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3.1.3. Assessment Phase

The third phase is the assessment stage, where research evaluated whether the validator
prototype met the criteria being valid, practical, and effective, so determined its feasibility for
use.

3.1.3.1. Validity Test

The ARGEONET media was validated by two expert validators, namely doctoral-level
mathematics education lectures. The validation results from Validator 1 and Validator 2 are
presented in Table 13.

Table 13. ARGEONET validation results by Validator 1 and Validator 2

Average Score

Aspect Validator 1 Validator 2
Pedagogical aspect (learning effectiveness) 4.5 4.5
Content aspect (material accuracy) 4 4.75
Technology aspect (performance and functionality) 4.5 4.75
Visual design and multimedia aspect 4.75 4.5
Engagement and motivation aspect 4.67 4.67
Accessibility and affordability aspect 4.25 4.75
4.45 4.65
Average (89%) (93%)

Table 13 shows that the validation result of ARGEONET by Validator 1 obtained an
overall average score of 4.45 out of 5.00, or equivalent to 89%. Thus, ARGEONET falls into
the ‘very valid’ category. Furthermore, the validation results of ARGEONET by Validator 2
obtained an overall average score of 4.65 out 5.00, or equivalent to 93%, which is categorized
as ‘very valid’. Based on the validation result from both validators, the ARGEONET media is
declared feasible for use and can be tested in the learning process.

3.1.3.2.Practically Test

The practicality assessment of the media was carried out by grade IX students and
teachers. The practicality instrument used was a user response questionnaire for both students
and teachers with a 1-5 Likert scale. The response questionnaire consisted of seven statements:
(1) easy to use, (2) features that facilitate student learning, (3) ARGEONET can improve
students’ understanding of net of 3D shapes, (4) attractiveness of design and interactivity, (5)
smooth operation of the website including the presence of bugs and errors in use, (6) relevance
or appropriateness of the material, and (7) users’ recommendation of the website to others.
ARGEONET was considered practical if the percentage reached > 61%. Meanwhile, the
results of the recapitulation of practicality based on the user response scores are presented in
Table 14.
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Table 14. Recapitulation of student and teacher response questionnaire scores

Average Score
Student Responses Teacher Responses

Aspect Statement

Easy to use 4.60 5.00
Features facilitate student learning 4.32 5.00
ARGEONET enhances students’ 4.48 5.00
understanding of nets of 3D shapes

Attractiveness of design and interactivity 4.24 3.00
Smooth operation of the website 4.20 5.00
Relevance or appropriateness of the 4.28 5.00
material

Users recommend the website to others 4.00 4.00
Mean 4.30 4.57
Percentage 86.06% 91.43%
Category Very practical Very practical

Table 14 illustrates that the percentage of the practicality score of the ARGEONET
media obtained through the student and teacher response questionnaires reached 86.06% and
91.43%. This percentage indicates that ARGEONET is classified in the very practical
category. This demonstrates that the ARGEONET media developed has fulfilled the feasibility
criteria in terms of practicality. Aspects such as ease of use, smooth operation, material
relevance, and the media’s ability to enhance understanding of 3D shape nets received high
ratings, indicating that ARGEONET is easy to use and effectively supports learning. Although
the design and interactivity aspects received slightly lower scores from teachers, overall, the
media falls into the “very practical” category and is suitable for use in mathematics learning.

3.1.3.3.Effectiveness Test of ARGEONET on Students’ Critical Thinking
Focus

This section presents the results of a test of ARGEONET’s effectiveness in improving
the focus indicator. The first step in this analysis is to conduct a descriptive statistical analysis
to determine the distribution of scores and assess student performance before and after the
intervention. Table 15 presents descriptive statistics for students’ pretest and posttest scores in
the focus indicator.

Table 15. Descriptive statistics of pretest and posttest scores in the focus indicator

Types of Tests Statistic Std. Error
Pretest Focus Mean 4.8000 0.27709
Std. Deviation 1.51771
Minimum 2.00
Maximum 6.00
Posttest Focus Mean 5.566667 0.170754
Std. Deviation 0.935261
Minimum 2.00

Maximum 6.00
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Table 15 presents descriptive statistics for students’ pretest and posttest scores,
showing a significant improvement in overall performance following the implementation of
the ARGEONET medium. The mean score increased from 4.8 on the pretest to 5.67 on the
posttest. These findings indicate an improvement in the indicator of students’ focus on critical
thinking. The standard deviation decreased slightly from 1.51771 to 0.935261, indicating
reduced score variability and a more consistent level of achievement among participants
following the use of ARGEONET. A one-group pretest-posttest design was used. First, a
normality test was conducted on students’ pretest and posttest responses for the focus indicator
presented in Table 16.

Table 16. Test of normality
Shapiro-Wilk

Types of Test

Statistic df Sig.
Focus Pretest 0.743 30 0.000
Focus Posttest 0.539 30 0.000

Table 16 shows that the results of the normality test using the Shapiro—Wilk test
indicate a significance value (Sig.) of 0.000 for the focus indicator in both the pretest and
posttest. Both significance values are less than the threshold of a = 0.05 (Sig. < 0.05),
indicating that the data in both groups are not normally distributed. Because the data are not
normally distributed, a nonparametric test specifically, the Wilcoxon test. The results of the
Wilcoxon test are presented in Table 17.

Table 17. Results of the Wilcoxon test

Focus_Posttest - Focus_Pretest
V4 -2.871

Asymp. Sig. (2-tailed) 0.004

Table 17 shows that the significance value (Sig.) of the Wilcoxon test is 0.004 for the
focus indicator. This significance indicates that there are differences in students’ critical
thinking skills regarding the focus indicator. Furthermore, an effect size test was conducted to
determine the extent to which the use of ARGEONET improved the achievement of the focus

indicators. The effect size test revealed that r = izl _ 12871] 0.524 > 0.50. Therefore, the
Vn V30

impact of using ARGEONET is large to improve the focus indicator of critical thinking.

Next, excerpts of pretest and posttest answers are presented, as well as excerpts from
in-depth interviews with students who experienced an increase in scores on the focus indicator
in critical thinking skills. One of the subjects who experienced an increase in score on the focus
indicator, referred to by the researcher as S1. Figure 10 shows S1's answers in the pretest and
posttest.
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Figure 10. (a) S1' pretest answer related to the focus indicator; (b) S1' posttest answers related to
the focus indicator

Figure 10(a) shows Sl's answer before the implementation of ARGEONET in
learning. S1 only wrote that the nets provided could form a rectangular prism. Meanwhile,
Figure 10(b) shows S1's answer after the implementation of ARGEONET. S1 wrote complete
information, starting from the nets in the question, which are nets of a rectangular prism, to
the length, width, and height of the resulting rectangular prism. This explanation is supported
by S1's statement in Interview 1.

Interview 1

R : Do you feel like your answers on the pretest and posttest are different?

S1  : Hmm, if I look again, it seems like the pretest answers aren't as complete as
the posttest ones.

R : Why did your way of answering differ between the two tests?

S1  :1only knew that it was the net of a rectangular prism. I hadn't thought about
writing down the dimensions because I was just focusing on looking at the
shape. But after that, I could see the parts of the rectangular prism more
clearly, especially when using the media, so I knew the length, width, and
height of the 3D shape.

Based on interview 1, S1 said that after using ARGEONET, S1 felt it was easier to
observe each part of the block net and understand the information contained in the image.
Thus, this proves an improvement in S1's ability to identify and write down the information
known from the problem more completely and accurately.

Reason

This section presents the results of a test of ARGEONET’s effectiveness in improving
the reason indicator. The first step in this analysis is to conduct a descriptive statistical analysis
to determine the distribution of scores and assess student performance before and after the
intervention. Table 18 presents descriptive statistics for students’ pretest and posttest scores in
the reason indicator.

Table 18. Descriptive statistics of pretest and posttest scores in the reason indicator

Types of Tests Statistic Std. Error
Pretest Reason Mean 2.433333 0.132902
Std. Deviation 0.727932
Minimum 2.00

Maximum 5.00
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Types of Tests Statistic Std. Error
Posttest Reason Mean 3.633333 0.277440
Std. Deviation 1.519604
Minimum 2.00
Maximum 6.00

Table 18 presents descriptive statistics for students’ pretest and posttest scores,
showing a significant improvement in overall performance following the implementation of
the ARGEONET medium. The mean score increased from 2.433 on the pretest to 3.633 on the
posttest. These findings indicate an improvement in the indicator of students’ reason on critical
thinking. The standard deviation increased from 0.727932 to 1.519604, indicating a wider
distribution of performance scores among participants following the use of ARGEONET. A
one-group pretest-posttest design was used. First, a normality test was conducted on students’
pretest and posttest responses for the reason indicator presented in Table 19.

Table 19. Test of normality
Shapiro-Wilk

Types of Test

Statistic df Sig.
Reason_Pretest 0.637 30 0.000
Reason_Posttest 0.828 30 0.000

Table 19 shows that the results of the normality test using the Shapiro—Wilk test
indicate a significance value (Sig.) of 0.000 for the reason indicator in both the pretest and
posttest. Both significance values are less than the threshold of a = 0.05 (Sig. < 0.05),
indicating that the data in both groups are not normally distributed. Because the data are not
normally distributed, a nonparametric test specifically, the Wilcoxon test. The results of the
Wilcoxon test are presented in Table 20.

Table 20. Results of the Wilcoxon test

Reason_Posttest - Reason_Pretest
zZ -3.442

Asymp. Sig. (2-tailed) 0.001

Table 20 shows that the significance value (Sig.) of the Wilcoxon test is 0.001 for the
reason indicator. This significance indicates that there are differences in students’ critical
thinking skills regarding the reason indicator. Furthermore, an effect size test was conducted
to determine the extent to which the use of ARGEONET improved the achievement of the

reason indicators. The effect size test revealed that r = 2 = 22242 — 9 628 > 0.50.
Vn V30
Therefore, the impact of using ARGEONET is large to improve the reason indicator of critical

thinking.

Next, excerpts of pretest and posttest answers are presented, as well as excerpts from
in-depth interviews with students who experienced an increase in scores on the reason
indicator in critical thinking skills. One of the subjects who experienced an increase in score
on the reason indicator, referred to by the researcher as S2. Figure 11 shows S2's answers in
the pretest and posttest.
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Figure 11. (a) S2' pretest answer related to the reason indicator; (b) S2' posttest answers related to

the reason indicator

Figure 11(a) shows S2's answer before the implementation of ARGEONET in

learning. S2 made a mistake in determining the strategy. The calculation that should have
resulted in a final answer of 56 cm, because of the wrong strategy, became 88 cm. In addition,

S2 also did not provide reasons why the strategies and answers were written that way. On the
other hand, Figure 11(b) shows S2's answers after using ARGEONET. S2 used all existing
data or information and the correct logical steps accompanied by clear reasons. A more
detailed explanation regarding the student's answers is presented in the excerpt of Interview 2.

Interview 2

R : Why did you use that kind of solution step on the pretest and posttest
questions?

S2  : Because what is being sought is the total edge length of a square pyramid, the
length of the base edges plus the length of the lateral edges.

R 2 If so, why are the steps you used different between the pretest and posttest
answers?

S2 ! In the pretest, I still did not understand the shape of the figure, so I directly

calculated based on the parts visible in the image. After using ARGEONET, 1
better understood the arrangement of the edges on the pyramid and realized
that all edges must be counted with the correct arrangement, namely 4 base
edges and 4 vertical edges.

Based on interview 2, S2 mentions understanding the arrangement of the edges on a

pyramid and knowing that all edges must be counted with their exact arrangement, namely 4
base edges and 4 vertical edges through the use of ARGEONET. Thus, this indicates an
improvement in the critical thinking skills of the S2 on the reason indicator, where S2 can use
all data and logical steps correctly accompanied by clear reasoning.
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Inference

This section presents the results of a test of ARGEONET’s effectiveness in improving
the inference indicator. The first step in this analysis is to conduct a descriptive statistical
analysis to determine the distribution of scores and assess student performance before and after
the intervention. Table 21 presents descriptive statistics for students’ pretest and posttest scores
in the inference indicator.

Table 21. Descriptive statistics of pretest and posttest scores in the inference indicator

Types of Tests Statistic Std. Error

Pretest Inference Mean 2.700000 0.192682

Std. Deviation 1.055364

Minimum 2.00

Maximum 5.00
Posttest Inference Mean 3.633333 0.269027

Std. Deviation 1.473521

Minimum 2.00

Maximum 6.00

Table 21 presents descriptive statistics for students’ pretest and posttest scores,
showing a significant improvement in overall performance following the implementation of
the ARGEONET medium. The mean score increased from 2.7 on the pretest to 3.633 on the
posttest. These findings indicate an improvement in the indicator of students’ inference on
critical thinking. The standard deviation increased from 1.055364 to 1.473521, indicating a
wider distribution of performance scores among participants following the use of
ARGEONET. A one-group pretest-posttest design was used. First, a normality test was
conducted on students’ pretest and posttest responses for the inference indicator presented in
Table 22.

Table 22. Test of normality
Shapiro-Wilk

Types of Test

Statistic df Sig.
Inference Pretest 0.660 30 0.000
Inference Posttest 0.839 30 0.000

Table 22 shows that the results of the normality test using the Shapiro—Wilk test
indicate a significance value (Sig.) of 0.000 for the inference indicator in both the pretest and
posttest. Both significance values are less than the threshold of a = 0.05 (Sig. < 0.05),
indicating that the data in both groups are not normally distributed. Because the data are not
normally distributed, a nonparametric test specifically, the Wilcoxon test. The results of the
Wilcoxon test are presented in Table 23.

Table 23. Results of the Wilcoxon test

Inference_Posttest - Inference_Pretest
Z -2.999

Asymp. Sig. (2-tailed) 0.003
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Table 23 shows that the significance value (Sig.) of the Wilcoxon test is 0.003 for the
inference indicator. This significance indicates that there are differences in students’ critical
thinking skills regarding the inference indicator. Furthermore, an effect size test was conducted
to determine the extent to which the use of ARGEONET improved the achievement of the

inference indicators. The effect size test revealed that r = 12l _ 1729991 _ 0.655 > 0.50.
Vn V30

Therefore, the impact of using ARGEONET is large to improve the inference indicator of
critical thinking.

Next, excerpts of pretest and posttest answers are presented, as well as excerpts from
in-depth interviews with students who experienced an increase in scores on the inference
indicator in critical thinking skills. One of the subjects who experienced an increase in score
on the inference indicator, referred to by the researcher as S3. Figure 12 shows S3's answers
in the pretest and posttest.
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Figure 12. (a) S3' pretest answer related to the inference indicator; (b) S3' posttest answers related to
the inference indicator

Figure 12(a) shows S3's answer before the implementation of ARGEONET in

learning. S3 wrote a conclusion with an incorrect final answer. On the other hand, Figure 12(b)

shows S3's answers after using ARGEONET. S3 wrote the conclusion correctly. A more

detailed explanation regarding the student's answers is presented in the excerpt of Interview 3.

Interview 3

R : Why did you answer like that in concluding your answers on the pretest and
posttest questions?

S3  : Because I adjust my calculation results

Based on interview 3, S3 explained that the difference in conclusions between the
pretest and posttest occurred because S3 adjusted them according to the calculation results
before determining the final answer. After using ARGEONET, S3 was able to perform
calculations accurately and make appropriate conclusions. This indicates an improvement in
the student's reasoning ability, particularly in evaluating the accuracy of calculation results and
drawing conclusions.

Situation

This section presents the results of a test of ARGEONET’s effectiveness in improving
the situation indicator. The first step in this analysis is to conduct a descriptive statistical
analysis to determine the distribution of scores and assess student performance before and after
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the intervention. Table 24 presents descriptive statistics for students’ pretest and posttest scores
in the situation indicator.

Table 24. Descriptive statistics of pretest and posttest scores in the situation indicator

Types of Tests Statistic Std. Error

Pretest_Situation Mean 4.1 0.259752

Std. Deviation 1.422722

Minimum 2.00

Maximum 6.00
Posttest Situation Mean 4.6 0.247284

Std. Deviation 1.354431

Minimum 1.00

Maximum 6.00

Table 24 presents descriptive statistics for students’ pretest and posttest scores,
showing a significant improvement in overall performance following the implementation of
the ARGEONET medium. The mean score increased from 4.1 on the pretest to 4.6 on the
posttest. These findings indicate an improvement in the indicator of students’ situation on
critical thinking. The standard deviation decreased from 1.422722 to 1.354431, indicating
reduced score variability and a more consistent level of achievement among participants
following the use of ARGEONET. A one-group pretest-posttest design was used. First, a
normality test was conducted on students’ pretest and posttest responses for the situation
indicator presented in Table 25.

Table 25. Test of normality
Shapiro-Wilk

Types of Test

Statistic df Sig.
Situation Pretest 0.847 30 0.001
Situation_Posttest 0.855 30 0.001

Table 25 shows that the results of the normality test using the Shapiro—Wilk test
indicate a significance value (Sig.) of 0.001 for the situation indicator in both the pretest and
posttest. Both significance values are less than the threshold of a = 0.05 (Sig. < 0.05),
indicating that the data in both groups are not normally distributed. Because the data are not
normally distributed, a nonparametric test specifically, the Wilcoxon test. The results of the
Wilcoxon test are presented in Table 26.

Table 26. Results of the Wilcoxon test

Situation_Posttest - Situation_Pretest
Z -1.961

Asymp. Sig. (2-tailed) 0.050

Table 26 shows that the significance value (Sig.) of the Wilcoxon test is 0.050 for the
situation indicator. This significance indicates that there are differences in students’ critical
thinking skills regarding the situation indicator. Furthermore, an effect size test was conducted
to determine the extent to which the use of ARGEONET improved the achievement of the



744 Darmawan et al., Development of ARGEONET integrated with metaverse and M6 learning ...

situation indicators. The effect size test revealed that r = 12l _ 1mroenf 0.358 > 0.30.
Vn V30

Therefore, the impact of using ARGEONET is medium to improve the situation indicator of
critical thinking.

Next, excerpts of pretest and posttest answers are presented, as well as excerpts from
in-depth interviews with students who experienced an increase in scores on the situation
indicator in critical thinking skills. One of the subjects who experienced an increase in score
on the situation indicator, referred to by the researcher as S4. Figure 13 shows S4's answers in

the pretest and posttest.
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Figure 13. (a) S4' pretest answer related to the situation indicator; (b) S4' posttest answers related to
the situation indicator

Figure 13(a) shows S4's answer before the implementation of ARGEONET in
learning. S4 uses some of the information that is relevant to the problem, but there is still
information that is not utilized. The information that has not been included is the use of the
pyramid edge length information. On the other hand, Figure 13(b) shows S4's answers after
using ARGEONET. S4 uses some of the information that is relevant to the problem, namely
information regarding the base edge length and the pyramid's vertical edge length. A more
detailed explanation regarding the student's answers is presented in the excerpt of Interview 4.

Interview 4

R : Why is your problem-solving approach different between the pretest and
posttest?

S4  : In the pretest, I only used the information that I considered most important,

but did not pay attention to all the information that I actually used to answer
the questions. In the posttest, I better understand the shape of the pyramid, so
I can use the information on the base edge and the vertical edge lengths
needed to solve the problem.

Based on interview 4, S4 indicated that using ARGEONET helped S4 in utilizing
relevant information to answer questions, allowing S4 to use the necessary data more
accurately in the problem-solving process. This supports that S4 experienced an improvement
in critical thinking ability on the situation indicator.

Clarity

This section presents the results of a test of ARGEONET’s effectiveness in improving
the clarity indicator. The first step in this analysis is to conduct a descriptive statistical analysis
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to determine the distribution of scores and assess student performance before and after the
intervention. Table 27 presents descriptive statistics for students’ pretest and posttest scores in
the clarity indicator.

Table 27. Descriptive statistics of pretest and posttest scores in the clarity indicator

Types of Tests Statistic Std. Error

Pretest_Clarity Mean 2.0 0.166091

Std. Deviation 0.909718

Minimum 0.00

Maximum 5.00
Posttest Clarity Mean 2.133 0.223521

Std. Deviation 1.224276

Minimum 0.00

Maximum 4.00

Table 27 presents descriptive statistics for students’ pretest and posttest scores,
showing a significant improvement in overall performance following the implementation of
the ARGEONET medium. The mean score increased from 2.0 on the pretest to 2.133 on the
posttest. These findings indicate an improvement in the indicator of students’ clarity on critical
thinking. The standard deviation increased from 0.909718 to 1.224276, indicating a wider
distribution of performance scores among participants following the use of ARGEONET. A
one-group pretest-posttest design was used. First, a normality test was conducted on students’
pretest and posttest responses for the clarity indicator presented in Table 28.

Table 28. Test of normality
Shapiro-Wilk

Types of Test Statistic af Sig.
Clarity Pretest 0.847 30 0.000
Clarity Posttest 0.855 30 0.022

Table 28 shows that the results of the normality test using the Shapiro—Wilk test
indicate a significance value (Sig.) of 0.000 for the clarity indicator in the pretest and a
significance value (Sig.) of 0.022 for the clarity indicator in the posttest. Both significance
values are less than the threshold of a = 0.05 (Sig. < 0.05), indicating that the data in both
groups are not normally distributed. Because the data are not normally distributed, a
nonparametric test specifically, the Wilcoxon test. The results of the Wilcoxon test are
presented in Table 29.

Table 29. Results of the Wilcoxon test

Clarity_Posttest - Clarity_Pretest
Z -0.705

Asymp. Sig. (2-tailed) 0.481

Table 29 shows that the significance value (Sig.) of the Wilcoxon test is 0.481 for the
clarity indicator. These non-significant results indicate that there is no difference in students'
critical thinking skills regarding the clarity indicator. Furthermore, an effect size test was
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conducted to determine the extent to which the use of ARGEONET improved the achievement

o . _ |z _|-0705| _
of the clarity indicators. The effect size test revealed that r = y iy Ik 0.129 > 0.10.

Therefore, the impact of using ARGEONET is small to improve the situation indicator of
critical thinking.

Next, excerpts of pretest and posttest answers are presented, as well as excerpts from
in-depth interviews with students who experienced an increase in scores on the clarity indicator
in critical thinking skills. One of the subjects that showed changes in clarity indicators, referred
to by the researcher as S5. Figure 14 shows S5's answers in the pretest and posttest.
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Figure 14. (a) S5' pretest answer related to the clarity indicator (b) S5' posttest answers related to
the clarity indicator

Figure 14(a) shows S5's answer before the implementation of ARGEONET in
learning. S5 explained that to find the frame, the length of the sides and the length of the
vertical sides are needed. However, S5 has not explained the relationship between this
information and the goal that is to be achieved. On the other hand, Figure 14(b) shows S5's
answers after using ARGEONET. S5 has begun to show improvement by identifying the
pyramid's edge parts to support the conclusion he made. Nevertheless, the given answer is still
incorrect, because the base of a square pyramid consists of only one side, which is a square,
and four vertical sides that are triangles. A more detailed explanation regarding the student's
answers is presented in the excerpt of Interview 5.

Interview 5

R . Why did you use the side length and the slant height to determine the
pyramid's frame? What is the relationship with the answer you are looking
for?

S5 : Because to find the pyramid's frame, what is needed is the length of all its
edges. So, I used the base side length and the slant length to calculate the
entire frame.

Based on the answers from S5 and Interview 5, although S5 showed improvement in
providing more structured explanations after using ARGEONET, the reasons given were still
not mathematically accurate. This indicates that S5 has made progress in critical thinking
abilities on the clarity indicator, where S5 has begun to be able to direct relevant information
to support conclusions, but still needs reinforcement in understanding the characteristics of
three-dimensional shapes.
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Overview

This section presents the results of a test of ARGEONET’s effectiveness in improving
the overview indicator. The first step in this analysis is to conduct a descriptive statistical
analysis to determine the distribution of scores and assess student performance before and after
the intervention. Table 30 presents descriptive statistics for students’ pretest and posttest scores
in the overview indicator.

Table 30. Descriptive statistics of pretest and posttest scores in the overview indicator

Types of Tests Statistic Std. Error

Pretest Overview Mean 2.066667 0.262321

Std. Deviation 1.436791

Minimum 0.00

Maximum 5.00
Posttest Overview Mean 2.7 0.34624

Std. Deviation 1.896458

Minimum 0.00

Maximum 6.00

Table 30 presents descriptive statistics for students’ pretest and posttest scores,
showing a significant improvement in overall performance following the implementation of
the ARGEONET medium. The mean score increased from 2.067 on the pretest to 2.7 on the
posttest. These findings indicate an improvement in the indicator of students’ overview on
critical thinking. The standard deviation increased from 1.436791 to 1.896458, indicating a
wider distribution of performance scores among participants following the use of
ARGEONET. A one group pretest-posttest design was used. First, a normality test was
conducted on students’ pretest and posttest responses for the overview indicator presented in
Table 31.

Table 31. Test of normality
Shapiro-Wilk

Types of Test Statistic af Sig.
Overview_Pretest 0.899 30 0.008
Overview_Posttest 0.890 30 0.005

Table 31 shows that the results of the normality test using the Shapiro—Wilk test
indicate a significance value (Sig.) of 0.008 for the overview indicator in the pretest and a
significance value (Sig.) of 0.005 for the overview indicator in the posttest. Both significance
values are less than the threshold of a = 0.05 (Sig. < 0.05), indicating that the data in both
groups are not normally distributed. Because the data are not normally distributed, a
nonparametric test specifically, the Wilcoxon test. The results of the Wilcoxon test are
presented in Table 32.
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Table 32. Results of the Wilcoxon test

Overview_Posttest - Overview_Pretest
V4 -2.033

Asymp. Sig. (2-tailed) 0.042

Table 32 shows that the significance value (Sig.) of the Wilcoxon test is 0.042 for the
overview indicator. This significance indicates that there are differences in students’ critical
thinking skills regarding overview indicator. Furthermore, an effect size test was conducted

to determine the extent to which the use of ARGEONET improved the achievement of the

overview indicators. The effect size test revealed that r = 12l _ 172083 _ 0.371 > 0.30.
Vn V30

Therefore, the impact of using ARGEONET is medium to improve the overview indicator of
critical thinking.

Next, excerpts of pretest and posttest answers are presented, as well as excerpts from
in-depth interviews with students who experienced an increase in scores on the overview
indicator in critical thinking skills. One of the subjects who experienced an increase in score
on the overview indicator, referred to by the researcher as S6. Figure 15 shows S6's answers

in the pretest and posttest.
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Figure 15. (a) S6' pretest answer related to the overview indicator (b) S5' posttest answers related to
the overview indicator

Figure 15(a) shows Sé6's answer before the implementation of ARGEONET in
learning. S6 explained that without doing a check, S6 was already confident in the answer S6
wrote. On the other hand, Figure 15(b) shows S6's answers after using ARGEONET. S6 did a
check by redoing the problem and ensuring that the initial and final answers were the same. A
more detailed explanation regarding the student's answers is presented in the excerpt of
Interview 6.

Interview 6

R : In the pretest, you wrote that you did not do a check after finding the final
answer. What made you confident not to do a check?

S6  : Because I feel that the steps I took are already in accordance with the way 1
understand, I think the answer is correct and does not need to be recalculated.

R : So, why did you perform the check during the posttest?

S6  : Because I am more aware that the answers need to be double-checked. Like
when solving problems in its medium. I redo it in the same way, then compare
the results with the first answer.
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Based on interview 6, S6's answer is reinforced by the statement that after using
ARGEONET, awareness of checking increased because there is a feature in ARGEONET that
habituates that activity. Thus, S6 shows an improvement in critical thinking skills on the
overview indicator.

3.2. Discussion

The product of this research and development (R&D) is a learning media named
ARGEONET, designed to enhance students’ critical thinking. The development process
involved a comprehensive literature review, analysis of comparable learning media, and
students interviews to identify user needs. To ensure alignment with the research objectives,
ARGEONET underwent expert validation. The validation results from two experts yielded
average scores of 4.45 (89%) and 4.65 (93%), which are classified as very valid. These
findings demonstrate that ARGEONET was developed with e-content and media features
well-suited to students’ needs and met high-quality standards in terms of both content
relevance and media feasibility (Lin & Yu, 2023).

Next, the practicality test of the media was conducted to test the quality of
ARGEONET based on ease of use, feasibility, and the benefits of the features available in
supporting the learning process. The results of the practicality assessment revealed that the
ARGEONET media achieved a score percentage of 86.06% based on students’ responses and
91.43% from teachers. These outcomes suggest that the developed media is categorized as
practical for classroom implementation. This finding aligns with previous research indicating
that learning media are considered practical when their usability level exceeds the minimum
threshold of 61%, demonstrating their effectiveness for instructional use (Riduwan, 2022).
Moreover, the high score in design attractiveness and interactivity (4.24), along with material
relevance (3.00), indicate that ARGEONET is able to meet students’ needs by providing
visually engaging and interactive features, as well as content that aligns with the intended
learning objectives. This is consistent with previous studies indicating that interactive and
student-relevant learning media can enhance students’ learning motivation, thereby fostering
the development of their critical thinking skills (Al Hajri et al., 2025; Djamas et al., 2018).

The effectiveness of ARGEONET shows an improvement in students' critical thinking
skills on all indicators, except the clarity indicator. Of the six indicators available, only 3
indicators experienced an increase with a large effect size, namely the indicators focus, reason,
and inference. Meanwhile, 2 indicators experienced an increase with a medium effect size
(situation and overview) and 1 indicator did not experience an increase (clarity). This shows
that ARGEONET has a different influence on each indicator. This difference is influenced by
the features within ARGEONET that facilitate certain indicators, so indicators that have
greater support in terms of activity in its media will produce a larger effect size compared to
other indicators (Lin & Yu, 2023).

Effectiveness tests showed that there was a significant difference in the focus indicator
before and after using ARGEONET with the large effect size. This improvement is supported
by the ARGEONET menu, specifically in Activity 1 and Activity 2. This activity also
facilitates the first M6 learning model syntax. This activity focuses on focus indicator and
initial abilities since students carry out the identification of relevant information by
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understanding problems and the basic concepts of nets of three-dimensional shapes, namely
the elements of cubes, blocks, prisms, and pyramids. The interactive videos in activity 1
provide opportunities for students to explore and understand concepts with flexible access to
learning resources, whereas the augmented reality feature enhances conceptual visualization.
Visualization through augmented reality facilitates students in observing objects presented
from various directions or perspectives. This can minimize errors in understanding geometric
concepts and help form a deep comprehension (Rohendi & Wihardi, 2020; Tarng et al., 2024).

Effectiveness tests showed that there was a significant difference in the reason
indicator before and after using ARGEONET with the large effect size. This improvement is
supported by the ARGEONET menu, specifically in Activity 3. Activity 3 also facilitates the
third syntax in the M6 learning model. In this part, students engage in discussions to explain
the strategies and steps used to solve the problems presented. This section also provides AR
content that offers simulations of three-dimensional shapes transforming into nets. Through
these simulations, students can observe the relationships between the elements of the three-
dimensional shapes and their nets, which helps them construct logical explanations based on
the observed processes (Chen et al., 2024; Molle & Sabandar, 2025). In addition, the
discussion activities encourage students to express relevant strategies and reasoning when
answering the given problems. Thus, the integration of AR visualization and discussion
activities in ARGEONET contributes to strengthening students' ability to provide reasoning
when solving geometry problems.

Effectiveness tests showed that there was a significant difference in the inference
indicator before and after using ARGEONET with the large effect size. This improvement is
supported by the ARGEONET menu, specifically in Activity 4 dan 6. This activity also
facilitates the sixth syntax in the M6 learning model. In these sections, students make
conclusions using their own language. Through this activity, students are encouraged to
connect the results of their exploration, analysis, and previous reasoning processes to produce
a logical conclusion. Therefore, if the previous process is wrong, it will affect the conclusion
made.

Unlike the previous three indicators, although it also shows an increase before and after
the use of ARGEONET, the situation indicator has a medium effect size. This improvement is
supported by the ARGEONET menu, specifically in Activity 3. In this section, in addition to
facilitating the reason indicator, it also facilitates the inference indicator because there are
activities identifying the information needed to answer the characteristics of certain three-
dimensional shapes. On the other hand, the clarity indicator did not experience a significant
change before and after using ARGEONET. The effect size it had on using ARGEONET was
also small, so it did not have a major influence on improving critical thinking skills for the
clarity indicator. When linked to the menus available on ARGEONET, this indicator is not
explicitly facilitated. Support for the clarity indicator on ARGEONET is implied in Activity
3. This is seen when students provide reasons for choosing strategies or steps used in solving
problems. However, this support has not been specifically designed to support the clarity
indicator, so students' improvement in critical thinking for the clarity indicator has not shown
a significant increase.
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Like the situation indicator, effectiveness tests showed that there was a significant
difference in the overview indicator before and after using ARGEONET with the medium
effect size. This improvement is supported by the ARGEONET menu, specifically in Activity
5. This activity also facilitates the fifth syntax in the M6 learning model. In this section,
students carry out evaluations by identifying which answers they consider wrong and which
answers they consider correct. This can be done by students if they conduct a thorough check.
Such activities encourage learners to monitor and evaluate their own thinking processes, which
are important components of self-regulated learning and critical thinking (Dignath et al., 2023;
Hyytinen et al., 2023). With this menu, students get used to performing checks and it can
support their thinking skills on the overview indicator.

Based on the effectiveness test results for each indicator, there are 5 critical thinking
indicators that show a significant difference before and after using ARGEONET, this indicates
that the use of ARGEONET is effective for enhancing students’ critical thinking skills. This
finding is in line with O'Connor and Mahony (2023), who reported that the integration of
augmented reality (AR) in learning environments enhances student engagement and
significantly improves higher-order thinking skills, including critical thinking. Similarly,
Chang et al. (2022) conducted a meta-analysis demonstrating that AR technologies have a
consistently positive impact on students’ learning performance and cognitive development. In
addition, Huang (2024) found that AR-based simulation learning improves clinical readiness
and critical thinking skills among nursing students, reinforcing the effectiveness of
ARGEONET in promoting critical thinking. Therefore, these empirical findings confirm that
augmented reality-based learning media can be considered an effective pedagogical approach
for enhancing students’ critical thinking skills across various educational contexts.

There are limitations in this study where the number of participants involved was
limited to only one class without a comparison group, so the results obtained cannot be
generalized to a wider population. Therefore, further research can be conducted by involving
a comparison group and more participants, at least from one province, in order to obtain more
comprehensive results.

4. CONCLUSION

This research concludes that ARGEONET was valid, practical, and effective for
implementation in mathematics learning. The validation results from two experts yielded
average scores of 4.45 (89%) and 4.65 (93%), which are classified as very valid. Besides, the
results of the practicality assessment revealed that the ARGEONET media achieved a score
percentage of 86.06% based on students’ responses and 91.43% from teachers, which are
classified as very practical. The effectiveness test of ARGEONET showed that out of six
critical thinking indicators, five of them showed significant differences before and after using
ARGEONET. The improvements were in the indicators of focus, reason, inference, situation,
and overview. Meanwhile, the clarity indicator did not show a significant difference before
and after using ARGEONET, which was caused by the lack of explicit support in
ARGEONET. However, overall, ARGEONET successfully stimulated higher-order thinking
through exploration, analysis, evaluation, and reflection of geometric concepts. Therefore,
ARGEONET shows potential as an augmented reality—based pedagogical approach for
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improving students’ critical thinking skills in geometry learning. However, this study has
limitations in the scope of trials, which were restricted to junior high school students in
Banyuwangi Regency, East Java, Indonesia. Furthermore, this study where the number of
participants involved was limited to only one class without a comparison group, so the results
obtained cannot be generalized to a wider population. Therefore, further research can be
conducted by involving a comparison group and more participants, at least from one province,
in order to obtain more comprehensive results.
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