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Abstract

The integration of information and communication technology (ICT) into education has encouraged the
development of innovative learning resources, particularly electronic modules (e-modules), to support interactive
and independent learning. Physics, despite its fundamental role in fostering analytical and critical thinking, is
often perceived as abstract and difficult, with conventional instruction limiting student engagement and higher-
order thinking. To address these challenges, this study developed a STEM-based e-module on sound waves aimed
at enhancing students' critical thinking skills. This study employed a 4D development model—define, design,
develop, and disseminate—with 34 11th-grade students from SMAN 6 Padangsidimpuan as participants.
Instruments included expert validation (content, media, and language), teacher and student questionnaires, and a
pretest-posttest assessment of critical thinking. This electronic module achieved a validity score of 96.66% (very
valid), a practicality rating of 96.36% from teachers and 85.95% from students (very practical), and effectiveness
was demonstrated by a significant increase in students' posttest scores (M = 85.59) compared to pretest scores (M
= 36.76), exceeding the minimum competency. The results of the paired t-test showed t = 17.89 and df = 33, p <
0.001, with a very large effect size (Cohen's d = 3.26). The results of the study show that the use of STEM-based
e-modules is effective in improving students' critical thinking skills. Results dissemination shows involvement of
active students and ability adaptation across the board. These findings confirm that this STEM -based electronic
module is valid, practical, and effective, and provides an innovative solution to support critical thinking, problem-
solving, and technological literacy in 21st-century physics education.
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INTRODUCTION

The rapid advancement of information and communication technology (ICT) has brought
significant transformations in various fields, including physics education and learning. The
integration of ICT in the classroom is not merely a tool to support learning, but also a driver of
innovation in the development of interactive and effective learning resources (Haleem et al.,
2022; Mena-Guacas et al., 2025; Mhlongo et al., 2023; Soriano-Sanchez, 2025; Timotheou et
al., 2023) . Among these innovations, electronic modules (e-modules) have emerged as a
promising digital learning resource, designed to facilitate self-paced and interactive learning.
Previous studies have shown that e- modules play an important role in improving students'
conceptual understanding and learning outcomes, especially in subjects that require in-depth
conceptual reasoning (Abdulrahaman et al., 2020; Barua & Lockee, 2024; Errabo & Ongoco,

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

94


mailto:prismasains.pkpsm@gmail.com
mailto:aslamiyah@um-tapsel.ac.id
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Rambe et al. Developing an e-Module about Sound Waves ...........

2024; Kerimbayev et al., 2023; Lampropoulos & Kinshuk, 2024; Monib et al., 2025; Wardani
et al., 2025; Yaseen et al., 2025) , such as physics.

Physics, as a fundamental branch of science, studies natural phenomena through the
interactions of matter and energy across space and time. Physics is essential in equipping
students with critical and analytical thinking skills, key competencies for the 21st century (Bao
& Koenig, 2019; Mena-Guacas et al., 2025; Mulyono, 2018) . However, physics is often
perceived as abstract and difficult, largely due to its mathematical nature and the dominance of
conventional teaching methods that emphasize rote learning and problem practice. This
instructional approach tends to result in passive learning, where students simply absorb
information without actively engaging in concept construction (Bozzi et al., 2021; Dahl &
Magrch, 2025; Nilimaa, 2023; Redish & Burciaga, 2004; Schuster et al., 2018) . As a result,
students' critical thinking skills are still underdeveloped, especially in topics such as sound
waves, which are often considered difficult to understand due to their abstract nature and low
achievement scores (Hidayati et al., 2024; Pardo, 2017; Reddy & Panacharoensawad, 2017) .

To address these challenges, innovative learning approaches are needed that actively
engage students in constructing their own knowledge. The STEM (Science, Technology,
Engineering, and Mathematics) approach offers a promising framework by emphasizing
inquiry, experimentation, and analysis, thereby fostering higher-order thinking skills (Ammar
et al., 2024; Anchunda & Kaewurai, 2025; Arifin et al., 2025; Bhardwaj et al., 2025; Bhuttah
et al.,, 2024; Halawa et al., 2024; Kwangmuang et al., 2021; Morris, 2025; Pardo, 2017,
Schuster et al., 2018; Siller & Ahmad, 2024) . STEM-based learning has been widely
recognized as effective in fostering communication, collaboration, creativity, and especially
critical thinking—skills collectively referred to as the 4Cs, which are essential for 21st-century
education (Akon-Yamga et al., 2024; Nuriyah et al., 2020) . Furthermore, critical thinking has
been identified as a higher-order thinking skill that contributes not only to academic
achievement but also to moral, social, and cognitive development (Barta et al., 2022; Golden,
2023; Kumandas-Oztiirk & Ulu-Kalim, 2025; Loyens et al., 2023; Pollarolo et al., 2023; Rivas
et al., 2022; Simonovic et al., 2023) .

The integration of STEM into digital learning materials such as e-modules offers an
opportunity to overcome limitations of time, resources, and classroom infrastructure. To date,
various studies have demonstrated the effectiveness of STEM-based e-modules in
systematically guiding students through problem-solving processes, providing interactive
simulations, and providing instant feedback, thus supporting independent and effective
learning (Tartiyoso, 2025; Yani et al., 2024) .

However, most of this research still focuses on the development of conventional e-
modules based on computer simulations without direct integration with digital sensor-based
experimental activities. This means that there is not much research examining the integration
of STEM-based e-modules with the Phyphox application, as a real-world smartphone-based
experimental medium. This approach has the potential to overcome the constraints of limited
laboratory facilities while encouraging more participatory and contextual physics learning.
This research gap is the primary basis for conducting this study.

Therefore, this study aims to develop a STEM-based e-module on sound waves to
improve students' critical thinking skills. The specific objectives are to test the validity,
practicality, and effectiveness of the developed e-module in improving students' critical
thinking skills in physics.

METHOD

Research Approach and Design

This research is a Research and Development (R&D) development study using the
Define, Design, Develop, and Disseminate (4D) development model (Thiagarajan et al., 1974).
In the define stage, an analysis of the curriculum, materials, and students was carried out. In
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the design stage, an e-module of sound waves was developed with a STEM approach to
improve students' critical thinking skills. In the develop stage, the product of the design in the
form of an e-module of sound waves with a STEM approach to improve students' critical
thinking skills was tested for validity, practicality, and effectiveness. The research subjects in
this F stage were students of class XI-1 of SMAN 6 Padangsidimpuan City, North Sumatra
Province. totaling 34 people. Sampling was carried out by means of purposive sampling .

The instruments used in this study were validation instruments conducted by media
experts, material experts, and linguists to measure the feasibility of the developed e-module
product, as well as student and teacher response questionnaires to determine the level of
practicality of the e-module after use. Then, pre-test and post-test questions were prepared, as
well as student effectiveness questionnaires to measure the effectiveness of the e-module. Data
analysis techniques used to ensure product validity were quantitative and qualitative data
analysis. The validity of the e-module on sound wave material with a STEM approach to
improve students' critical thinking was obtained through validation results from material
experts, media experts, and linguists. The practicality of the e-module on sound wave material
with a STEM approach to improve students' critical thinking was obtained through student and
teacher response questionnaires and to measure effectiveness using descriptive statistical
analysis for validity and practicality as well as parametric analysis (paired sample t test) to
measure students' critical thinking skills achievement using the e-module. Then, an N-gain test
was conducted to determine the effectiveness of the e-module on sound wave material with a
STEM approach to improve students' critical thinking that was developed. Data analysis to
measure the level of effectiveness can be done using SPSS 22 and a Likert scale.

E-module Validity Test
Validity testing was carried out by comparing the average validity scores of all material,
media, and language experts using the criteria: (Syukri et al., 2024) as presented in Table 1.

Table 1. Validity Categories

Score Interval (%) Category

1 0<x<20 Totally invalid
2 20<x<40 Invalid

3 40 <x <60 Less valid

4 60<x< 80 Legitimate

5 80<x< 100 Very valid

The e-module on sound wave material with a STEM approach to improve students'
critical thinking skills is said to be valid from material, media, and language experts if the
average validity value based on the valid criteria obtained is at least valid.

e-module Practical Test

The practicality of the e-module on sound waves using the STEM approach to improve
students' critical thinking skills in this study was assessed based on student and teacher
guestionnaire responses to the use of the e-module. Practicality criteria are presented in Table
2 (Asfiyaetal., 2024) .

Table 2. Practicality Categories

Interval (%) Category
80<x<100 Very practical
60 <x <80 Practical
40<x<60 Less practical
20<x<40 Not practical
x<20 Very impractical
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The electronic module on sound wave material with a STEM approach to improve
students' critical thinking skills is said to be practical based on student and teacher response
questionnaires with an average score based on the minimum practical assessment criteria.

Testing the Effectiveness of e-modules

The effectiveness of the e-module on sound waves with a STEM approach in improving
students’ critical thinking skills can be seen from the achievement of the Minimum Completion
Criteria (KKM) for students' critical thinking skills, namely 75. The critical thinking test
questions consist of ten questions, as in Figure 1, question indicators in Table 3.

1.

]

1=

SOAL PRETEST MATERI GELOMBANG BUNYI
(KETERAMPILAN BERPIKIR KRITIS )

Sebuah sumber bunyi bergerak mendekati pendengar. Pendengar merasakan frekuensi bunyi
lebih tinggi daripada frekuens aslinva. Fenomena ini disebut .

A Interferensi bunvi

B. Efek Doppler

C. Pemanmlan bunvi

D. Resonansi

Dalam suatu eksperimen, kecepatan bunvi di udara diukur dengan memantulkan bunvi dari
dinding sejauh 170 m. Waktu vang dicatat unk perjalanan pulang-pergi bunyi adalah 1
detik Berapakah kecepatan bunyi di udara?

A 170m/s

B. 255 m's

C. 340 m's

D 310m's

. Seorang siswa membunvikan garpu tala di dekat permukaan air. Ia melibat gelombang pada

permukaan air bergetar bersamaan dengan getaran garpu tala. Hal ini menunjukkan bahwa
bunvi ..

Figure 1. Pre-Test Questions
Table 3. Question Indicators

Question Critical Thinking Skills Indicators Thinking Level (Bloom)
1. Identifying the Doppler effect phenomenon Analysis
2. Able to apply mathematical concepts & Application/Analysis

numerical analysis

3. Understanding sound requires a medium Understanding/Analysis
4. Recognizing interference & wave patterns Analysis

5. Applying physics formulas to solve problems Application

6. Relating the speed of sound vs light Analysis

7. Designing appropriate experimental methods Synthesis

8. Applying the formula distance = speed X time Application

9. Explaining the relationship between sound Analysis

waves and directional perception
10. Identify the Doppler effect & explain the Analysis

physical phenomena
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Then, a comparison of the average score with the difference in scores before using the e-
module (pretest) and after using the e-module (posttest) was conducted using the n-gain test.
The n-gain criterion can be determined using Formula 1 (Ramdhani et al., 2020) . The
normalized gain value criteria can be seen in Table 3.

. Posttest score—Pretest score
N Gain = (D)

Ideal score—Pretest score

Table 4. N-Gain Conversion

Number. N Benefits Category
1. N gain > 0.7 Tall
2. 0.3 <N Gain <0.7 Currently
3. N Gain < 0.3 Low

RESULTS AND DISCUSSION

Determine the Phase

The initial phase of this research focused on analyzing the curriculum, materials, and
learners to ensure alignment with the Independent Curriculum objectives in phase F. The
analysis showed that the expected learning outcomes and objectives could be effectively
achieved through the chosen topic, namely sound waves. The sound wave material includes
subtopics such as wave characteristics, types of sound, speed of sound, and the Doppler effect,
all of which require conceptual understanding and the ability to connect theory to real-life
phenomena. Integrating these subtopics with the STEM approach is considered essential to
stimulate students' critical thinking skills.

Furthermore, analysis of student characteristics at SMA Negeri 6 Padangsidimpuan show
limited motivation , low critical thinking skills, and inadequate facilities. These findings
highlight the urgent need for innovative learning tools that not only support conceptual mastery
but also motivate students to actively engage in the learning process. Previous research has
shown that low motivation and lack of infrastructure often contribute to passive learning
behavior (Castillo et al., 2025; Ftterer et al., 2022; Kooloos et al., 2020; Major et al., 2021,
Manlapig, 2024; Rezai et al., 2025) , which in turn negatively impacts higher-order thinking
skills (Mangul & Pratiwi, 2025; Sinaga et al., 2025) .

Design Stage

In the design phase, an e-module on sound waves was developed with a STEM-based
structure to meet curriculum requirements. This design included a systematic presentation of
concepts, enriched with illustrations, videos, and simple STEM-based experimental activities.
Furthermore, assessment items were integrated to measure the development of students' critical
thinking skills. To facilitate practical engagement, digital applications such as Frequency
Generator and Phyphox were embedded within the module to support experiments and data
collection. The e-module's ability to enhance students' critical thinking skills can be seen in
Figure 2.

This design ensures that the e-module is not only informative but also interactive,
encouraging learners to connect scientific concepts with technology and engineering practices.
The inclusion of hands-on experiments is consistent with the core principle of STEM, namely
learning by doing (Chen & Liu, 2025; Huang et al., 2022; Kranz et al., 2023; Margot & Kettler,
2019; Yannier et al., 2020; Yilmaz et al., 2024) , which has been reported to significantly
improve conceptual understanding and critical thinking in physics learning (Nuriyah et al.,
2020; Rambe et al., 2023).
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Figure 2. E-module with STEM approach ( file://D:/BIMA/e%20modul.html )

Stage Development

Stage development consists of The e-module was evaluated based on three main
evaluations: validity, practicality, and effectiveness. Validity testing was conducted through
expert review by media, content, and language specialists. The e-module obtained an average
score of 96.66%, categorizing it as "highly valid" (see Table 4). Revisions suggested by the
language experts—such as correcting spelling and refining the cover page—were implemented
to improve clarity and presentation. High validity scores indicate that the e-module meets
quality standards in content accuracy, language use, and media design (Abdullah et al., 2024;
Fatmawati & Murtinugraha, 2024; Lestari & Nugraheni, 2022) . Similar results have been
reported in other STEM-based module development studies, where expert validation plays a
crucial role in ensuring instructional quality (Jannah et al., 2025; Rahma et al., 2021) .

Table 5. Results of E-Module Validation by Experts

NO Validator Percentage of Assessment (%) Category
1 EH 100 Very Valid
2 FH 90 Very Valid
3 HA 100 Very Valid
Average 96.66 Very Valid

The practicality test was conducted using teacher and student response questionnaires.
The results showed that the e-module was very practical, with an average score of 96.36 %
from teachers ( see Table 6) and 85.95% of students ( see Table 7). Practicality is reflected in
students' positive perceptions of usefulness, interactivity, and relevance to the physics
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curriculum (Arizona et al., 2025; Guerrero-Zambrano et al., 2025; Pansri et al., 2025; Rizki et
al., 2025) . This finding aligns with previous research emphasizing that practicality is a strong
determinant of successful classroom implementation (Diansah & Asyhari, 2020).

Table 6. Practicality Test Results (Teacher Response Questionnaire)

Validator value (%)

Teacher Response

NO Questionnaire EH Emergency Average Category
Room
1 Electronic module 96.36 96.36 96.36 Very Practical
Average 96.36 Very Practical
Table 7. Practicality Test Results (Student Response Questionnaire)
Student N Minimum  Maximum  Means Standard
Deviation
P1 34 2 4 3.12 591
P2 34 3 4 3.59 .500
P3 34 3 4 3.44 504
P4 34 3 4 3.56 504
P5 34 2 4 3.56 561
Page 6 34 3 4 3.44 504
P7 34 2 4 3.24 496
Page 8 34 3 4 3.47 507
P9 34 3 4 3.41 .500
P10 34 2 4 3.56 .613
Average_practicality 34 2.70 4,00 3.4382 .33030
Practicality value 85.95 (very practical)

Effectiveness testing involves comparing critical thinking skills. student through pre-test
And post-test . Before Pre-test And post test done test validity , reliability , power differentiator
And degrees difficulties on ten grains question . As for results the can seen on Table 8.

Table 8. Results Test validity Question Think Critical

Question r Category
Question 1 0.633 Valid
Question 2 0.624 Valid
Question 3 0.677 Valid
Question 4 0.781 Valid
Question 5 0.832 Valid
Question 6 0.736 Valid
Question 7 0.668 Valid
Question 8 0.685 Valid
Question 9 0.742 Valid
Question 10 0.761 Valid

The test instrument was tested for reliability using Cronbach's Alpha , and a value of
0.893 was obtained for 10 questions. This value indicates that the instrument has high internal
consistency and can be used to measure student abilities (Table 9).

Table 9. Reliability of Critical Thinking Test.

Instrument N Items Cronbach’s Alpha
Critical Thinking Test 10 0.893
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The critical thinking test used consisted of 10 items with a total of N = 34 respondents .
Descriptive statistics for each item showed an average value of 0.35-0.59 , a median of 0-1 ,
and a standard deviation of 0.485-0.508 , with a minimum score of 0 and a maximum of 1.
Reliability analysis using Cronbach's Alpha produced a value of 0.893 , indicating high internal
consistency, and varying levels of item difficulty. Thus, this instrument can be considered
reliable and its measurement transparency is more adequate than before.

Table 10. Level of Question Difficulty

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10

N Valid 34 34 34 34 34 34 34 34 34 34
Missing 0 0 0 0 0 0 0 0 0 0
Mean 56 53 59 A4 A4 38 38 50 53 35
Median 1.00 100 100 000 000 000 0.0 50  1.00 0.00
g‘gcgggﬂ 504 507 500 504 504 493 493 508 507 485
Minimum 0 0 0 0 0 0 0 0 0 0
Maximum 1 1 1 1 1 1 1 1 1 1

The average pre-test score was 36.76 ( see Table 11, in general significant lower than the
average post-test score of 85.59 ( see Table 12). The results of the paired t-test show t = 17.89
and df = 33, p <0.001 , with a very large effect size (Cohen's d = 3.26) Improvement substantial
This showed that the use of STEM-based e-modules effectively improved students' critical
thinking skills, exceeding the minimum competency criteria (MCC = 75). Furthermore, the
effectiveness questionnaire showed an average score of 98.11%, confirming the module's high
impact. The significant difference between pre-test and post-test scores reinforces previous
findings that STEM-based digital resources can substantially improve higher-order thinking
skills (Maziyah & Hidayati, 2022).

Table 11. Effectiveness Test Results (Pretest Value)

Number Value Interval Number of Students Total Value
1. 10 1 10
2. 20 5 100
3. 30 11 330
4, 40 5 200
5. 50 11 550
6. 60 1 60
Total Overall Score 1250
Average 36.76
Table 12. Effectiveness Test Results (Post-Test Score)
NO Value Interval Number of Students Total Value
1 40 1 40
2 50 0 0
3. 60 0 0
4, 70 3 210
5 80 9 720
6. 90 16 1440
7 100 5 500
Total Overall Score 2910
Average 85.59
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Distribution Stage

During the dissemination phase, the e-module was implemented by other teachers in
different classrooms, demonstrating its adaptability and transferability. Teachers reported that
students became more active during the lessons, engaging in discussions, conducting
experiments, and critically reflecting on their findings. The application of STEM principles
through the e-module format supported independent learning while encouraging collaboration
and problem-solving.

These results are consistent with the principles of instructional design, which emphasize
the presentation of material that is systematic, clear, and interesting to enhance understanding
(Jannah et al., 2025) . In addition that , integration Phyphox as tool experiment Mobile- based
applications provide a cost-effective and accessible solution for physics learning (Imtinan &
Kuswanto, 2023; Jeli & Chandra, 2025) , which supports previous studies highlighting the
potential of smartphone applications to enhance science education (Junita et al., 2024; Raharja
etal., 2024) .

These findings indicate that the developed STEM-based e-module on sound waves is
valid, practical, and effective in enhancing students' critical thinking skills. This module not
only addresses the challenges identified during the needs analysis but also aligns with broader
21st-century educational goals, which emphasize the development of critical thinking,
problem-solving, and technological literacy.

CONCLUSION

This study developed and validated a STEM-based e-module on sound waves to improve
students' critical thinking skills. The research was conducted through four stages: definition,
design, development, and dissemination. A needs analysis showed that students at SMA Negeri
6 Padangsidimpuan show low motivation and limited critical thinking skills, which indicates
the need for innovative digital learning resources. This e-module design integrates the concept
of sound waves with interactive illustrations, videos, simple STEM experiments, and digital
applications (Frequency Generator and Phyphox ), so that draft abstract becomes more concrete
and applicable.

The expert validation results yielded an average score of 96.66%, categorizing the e-
module as “highly valid.” The practicality test showed positive responses from teachers
(96.36%) and students (85.95%), indicating that the e-module was user-friendly, relevant, and
highly applicable in the classroom environment. The effectiveness test further demonstrated a
significant increase in students’ critical thinking skills, with the post-test score (M = 85.59)
significantly higher than the pre-test score (M = 36.76), exceeding the minimum competency
criteria. These findings confirm that the developed STEM-based e-module is valid, practical,
and effective in developing higher-order thinking skills in physics learning.

Integration integrated STEM principles Phyphox to in e-module format provides
effective learning innovation to overcome challenges in teaching abstract physics concepts,
especially sound waves. This module not only encourages critical thinking but also supports
independent learning, problem-solving, and technological literacy, which align with the
competencies required in 21st-century education.

Although the Phypho x application has been proven to provide many conveniences in
learning physics, especially STEM-based experimental activities, its use has several
limitations. First, the accuracy of measurements depends on the specifications of the mobile
phone sensor, so variations between devices can affect the results. Second, this application
requires a basic understanding of experimental activities, so teacher guidance is still needed to
ensure the experimental process and data collection are valid. Third, Phypho x cannot be used
for all types of physics experiments. Considering these limitations, the results of the study still
show that Phypho x is effective as a physics learning tool, but its use must be accompanied by
technical and pedagogical considerations.
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RECOMMENDATION

The findings of this study indicate that STEM-based e-modules on sound waves can be
effectively implemented in broader educational contexts. It is recommended that teachers
integrate similar digital modules into classroom practice to enhance students' critical thinking
and problem-solving skills. Curriculum developers should consider integrating STEM-based
digital resources into the Independent Curriculum (Kurikulum Merdeka) to align with 21st-
century competencies, while professional development programs are needed to equip teachers
with the skills to design and implement such innovations sustainably. Future research is
encouraged to explore the long-term impact of STEM-based e-modules on various learning
outcomes and test their scalability across different physics topics and educational levels.
Furthermore, technological enhancements, such as the integration of augmented reality (AR)
or virtual laboratories, can be developed to further enrich student engagement and provide a
more immersive and interactive learning experience.
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