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Sections Info ABSTRACT

Article history: Objective: This study aimed to develop a Deep Learning-based Digital Physics
Submitted: April 10, 2026 Comic on alternative energy to improve senior high school students’ critical thinking
Final Revised: August 01, 2026 skills. Method: This Research and Development (R&D) study adopted the ADDIE
Accepted: August 10, 2026 model, including analysis, design, development, implementation, and evaluation.
Published: August 27, 2026 The product was implemented with Grade X students at a senior high school in
Keywords: Sidoarjo, Indonesia, during the 2025/2026 academic year using a non-equivalent
Alternative Energy; control group pretest-posttest design. Data were collected through expert validation
Critical Thinking Skills; sheets, learning implementation observations, critical thinking tests, and student

response questionnaires. The media was evaluated for validity, practicality, and
effectiveness. Results: The Digital Physics Comic achieved a wvalidity score of
89.31% (very valid) and a learning implementation score of 91.67% (very practical).
Student responses indicated high effectiveness (90.35%). The experimental class
obtained a higher average N-Gain score (0.7332) than the control class (0.6209). The
Mann-Whitney test showed a significant difference between the groups (p = 0.007
< 0.05), with the greatest improvement found in the inference indicator. Novelty:
This study integrates a deep learning approach and Problem-Based Learning (PBL)
into a digital physics comic on alternative energy. The media combines meaningful,
mindful, and joyful learning through contextual stories, visual narratives, and
problem-solving activities, offering an innovative approach to strengthening
students’ conceptual understanding and critical thinking skills in physics..

Deep Learning;
Digital Physics Comics.

INTRODUCTION

Critical thinking is one of the most essential competencies in 21st-century education
because it enables students to analyze information, evaluate evidence, solve complex
problems, and make reasoned decisions in rapidly changing scientific and technological
environments (Khoiriyah & Suprapto, 2021). Among the various 21st-century skills,
critical thinking is particularly important in physics learning because students are
expected not only to understand scientific concepts but also to interpret physical
phenomena, evaluate alternative explanations, and apply scientific reasoning to solve
contextual problems. These competencies are fundamental for developing Higher Order
Thinking Skills (HOTS), which have become a major objective of contemporary science
education (Khoiriyah & Suprapto, 2021).

Despite its importance, empirical evidence consistently indicates that Indonesian high
school students still demonstrate relatively low levels of critical thinking. The 2022
Program for International Student Assessment (PISA) reported that Indonesia achieved
a science literacy score of only 396, substantially below the international average of 489,
reflecting students' limited ability to analyze and reason scientifically. Previous studies
further confirm this condition. Azrai et al. (2020) reported that among 167 senior high
school students, 59% were classified as having low critical thinking skills, only 2%
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reached the high category, and the average score was 45 (Azrai et al., 2020). Likewise,
Nurhayati et al. (2022) found that 125 Grade XI students demonstrated low critical
thinking performance, with interpretation skills reaching only 20%, while analysis and
inference each achieved approximately 40% (Nurhayati et al., 2022). Similarly, Azis et al.
(2025) reported that most Grade XII students from accredited senior high schools in
Timika were categorized as having very low critical thinking skills. In contrast, Irmayanti
et al. (2025) found that students from several senior high schools in Gowa obtained an
average critical thinking score of only 7.47, indicating a low category (Azis et al., 2025;
Irmayanti et al., 2025).

A preliminary study conducted at one SMA in Sidoarjo also revealed similar findings.
Based on Ennis' five critical thinking indicators: elementary clarification, basic support,
inference, advanced clarification, and strategy and tactics, most students were
categorized as below average or poor. The weakest performances were found in
advanced clarification, where 50% of students were categorized as poor, and strategy and
tactics, where 73% were classified as poor. In contrast, no students achieved the superior
category. These findings indicate that students still experience considerable difficulties
in constructing logical arguments, providing evidence-based explanations, drawing
valid conclusions, and designing systematic problem-solving strategies.

These conditions are largely attributed to teacher-centered instructional practices,
limited use of innovative learning media, and the abstract nature of physics concepts,
which often hinder students from actively constructing knowledge and engaging in
higher-order thinking (Habiddin et al., 2022; Safiah et al., 2025). Alternative energy is a
physics topic that particularly requires critical thinking because students must analyze
real-world issues related to renewable energy resources, environmental sustainability,
and technological applications. Nevertheless, previous studies show that students still
struggle to understand renewable energy concepts because of their complexity and the
lack of contextual learning resources (Azairok et al., 2023; Chairunnisya et al., 2023).

Digital learning media provide an opportunity to improve physics learning by
presenting abstract concepts through engaging visualizations and contextual narratives.
Digital comics, in particular, integrate illustrations and storytelling to transform complex
physics concepts into more meaningful learning experiences while increasing students'
motivation, conceptual understanding, and classroom engagement (Apriani et al., 2025;
Damayanti & Kuswanto, 2020; Widyawati et al., 2024). Meanwhile, the deep learning
approach emphasizes meaningful, mindful, and joyful learning through active
exploration, reflection, collaboration, and authentic problem solving, thereby creating
conditions that foster deeper conceptual understanding and critical thinking (Royani et
al., 2024; Warman et al., 2025). This approach aligns well with Problem-Based Learning
(PBL), which encourages students to identify problems, evaluate evidence, discuss
alternative solutions, and formulate logical conclusions (Suhirman & Khotimah, 2020;
Wardani & Fiorintina, 2023).

However, existing studies have generally investigated digital comics and deep
learning independently. Most digital comic research emphasizes learning motivation,
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conceptual understanding, or learning outcomes, whereas studies specifically examining
their contribution to critical thinking development in physics remain limited
(Lintangesukmanjaya et al., 2025). Likewise, research on deep learning has primarily
focused on meaningful learning experiences without integrating contextual digital
comics into physics instruction. Furthermore, few studies have combined contextual
visual narratives, deep learning principles, Problem-Based Learning, and critical thinking
indicators within a single instructional medium, particularly for alternative energy topics
(Rosdiana & Kholiq, 2021).

Therefore, this study addresses this research gap by developing a Deep Learning-
based Digital Physics Comic integrated with Problem-Based Learning for alternative
energy instruction. The novelty of this study lies in integrating meaningful, mindful, and
joyful learning principles, contextual visual storytelling, structured problem-solving
activities, and critical thinking indicators into a single digital learning medium.
Accordingly, this study aims to develop a Deep Learning-based Digital Physics Comic
that is valid, practical, and effective in improving senior high school students' critical
thinking skills. This study is expected to provide physics teachers with an innovative,
contextual digital learning medium that supports student-centered learning, facilitates
students' engagement in analyzing and solving real-world problems, and strengthens
critical thinking skills in alternative energy education. More broadly, the developed
medium is expected to contribute to diversifying physics learning resources that
integrate Deep Learning principles and Problem-Based Learning in accordance with the
demands of 21st-century education..

RESEARCH METHOD

This study employs a Research and Development (R&D) approach to develop and test
the effectiveness of a product (Sugiyono, 2015). The development process follows the
ADDIE model, which consists of five stages: analysis, design, development,
implementation, and evaluation (Rustandi & Rismayanti, 2021). This study followed the
procedure below.

Analysis
&> .
s |
Implement } ------- [ Evaluate }L
Development

Figure 1. The ADDIE development phases (Branch, 2009)
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e This study was conducted at a high school in Sidoarjo, East Java, Indonesia, during the
2025-2026 school year. The developed product was a digital physics comic integrated
with a deep learning approach, focusing on alternative energy. The research subjects
were 72 tenth-grade students selected from two full classes. The sample was selected
using purposive sampling, a technique for determining and collecting samples based on
specific considerations (Subhaktiyasa, 2024). One class was designated as the
experimental group and learned using the developed medium, while the other class
served as the control group and received conventional instruction. The effectiveness was
tested using a non-equivalent control group pretest-posttest design.

Data were collected using several instruments, including media validation sheets,
lesson implementation observation sheets, critical thinking skills tests, and student

response questionnaires. The validation sheets assessed the quality of the media in terms
of content, design, language, and instructional aspects. The observation sheets evaluated
the implementation of learning activities, while the student response questionnaires were
distributed to determine the usefulness of the developed media. Critical thinking skills

were measured using pretest and posttest instruments based on Ennis’s critical thinking
indicators: elementary clarification, basic support, inference, advanced clarification, and
strategy and tactics.

The collected data were analyzed using descriptive quantitative techniques. This
e analysis determined the validity, practicality, and effectiveness of the Digital Physics
Comics in enhancing students’ critical thinking skills. The medium’s validity was
determined based on expert assessment and test results. The validation results were
calculated as percentages using Equation (1) and interpreted using the validity criteria
outlined by Riduwan (2015) in Table 1 below.

P (%) — Total score for data collection x 100% (1)

Criteria Score

Table 1. Criteria for Interpreting Validity Scores

Percentage Categories
(25 ) 0% - 20% Invalid
21% -40% Somewhat Invalid
41% -60% Fairly Valid
61% -80% Valid
81% -100% Very Valid
@ A reliability analysis was also conducted to determine whether all aspects of the critical

thinking skills test instrument used for data collection were reliable. In this study,

(67 Cronbach's alpha was used to test the instrument's reliability; it does not yield scores of
1 or 0 and was calculated using SPSS. The table below shows the criteria for Cronbach's
alpha ranges, according to Arikunto (2006).
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Table 2. Reliability test range

Range Alpha Cronbach’s Reliability Results
(22 x>08 Very High
0,6 <x<0,799 High
04 <x<0,599 Moderate
0,2 <x<0,399 Low
x<0,2 Very Low

Data collection was conducted over three learning sessions. In the first session, a pretest
was administered to assess students' initial understanding of alternative energy in the

experimental and control classes. The pretest consisted of five essay questions designed
based on critical thinking indicators. After the pretest, students were instructed to bring
their cell phones or tablets to the second session, as the experimental class would be using
digital physics comics as a learning medium. During the second session, students in the
experimental class were divided into 8 groups of 4-5 students each to analyze the digital
physics comics. Worksheets and teacher instructions were provided to guide students if
they encountered difficulties. During this session, an observer monitored the lesson
implementation to assess the practicality of using digital physics comics as a teaching
medium. The results of the lesson implementation were calculated as a percentage using
Equation (1) and interpreted according to the practicality criteria outlined by Riduwan

(2015) in Table 3 below.
Table 3. Criteria for interpreting practicality scores
@ Percentage Categories
0% -20% Not Practical
21% -40% Not Very Practical
41% - 60% Fairly Practical
61% -80% Practical
81% -100% Very Practical
@ In the final session, students took a posttest to assess their learning outcomes and

improvements in critical thinking skills. This measured the effectiveness of the digital
physics comic as a teaching medium. These improvements were analyzed using
normalized gain (N-Gain) based on the criteria (Hake, 1998) in Equation (2) and
interpreted according to Table 4.

((Post)—(Pre))

(N — Gain) = (100-Pre) (2)
@ Table 4. Criteria for Interpreting N-Gain Scores
N-Gain Score Category
g<03 Low
07>g=03 Moderate
g20,7 High
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In addition, statistical tests were conducted to compare the two groups. These tests were
performed after assessing normality and homogeneity. This study used the
nonparametric Mann-Whitney test, an alternative to the independent-samples t-test
when the data do not meet the assumption of normality. If the significance value is less
than 0.05, there is a significant difference between the two groups; if it is greater than
0.05, there is no significant difference (MacFarland & Yates, 2016). Furthermore, the
students’ questionnaire responses were analyzed to determine the effectiveness of the
media used. The scores obtained were converted to percentages according to Equation
(1) and then interpreted using the questionnaire response criteria outlined by Riduwan

(2015) in Table 5.
Table 5. Criteria for interpreting survey responses
Score Evaluation Criteria
4 Strongly Agree
3 Agree
2 Disagree
1 Strongly Disagree
RESULTS AND DISCUSSION
Results
Analysis

The analysis phase involved a literature review and an analysis of learning needs at a
high school in Sidoarjo, East Java. Observations and interviews with teachers indicated
that physics instruction is still dominated by lectures, discussions, and problem-solving
exercises, while the use of interactive digital media remains very limited. This situation
has led students to show little interest in the subject and to struggle to understand
abstract physics concepts. Therefore, there is a need for learning media that is more
innovative, engaging, and capable of increasing student engagement in the learning
process.

In addition to the media needs analysis, the curriculum used at the school was also
analyzed, specifically the Merdeka Curriculum for the Physics Phase E course for 10th-
grade students. Based on the learning outcomes that emphasize problem-solving skills
and responding to global issues, alternative energy was selected as the focus for media
development. This analysis served as the basis for designing a Digital Physics Comic
using a deep learning approach that supports contextual learning while facilitating the
development of students’ critical thinking skills.

Design

The design phase was based on the needs analysis results and involved developing
learning materials, a digital physics comic, and research instruments. The developed
product is a digital physics comic that uses a deep learning approach to alternative
energy topics and is integrated with the Problem-Based Learning (PBL) model. The
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design process includes formulating learning objectives in accordance with the Merdeka
Curriculum, developing learning activities focused on critical thinking skills, and
creating instructional modules, worksheets, assessment instruments, validation
instruments, learning implementation instruments, and student response questionnaires.
All components are designed to support active, contextual, and student-centered
learning.

Next, the visual design of the media was carried out through the creation of
storyboards, storylines, characters, illustrations, and comic layouts tailored to the
alternative energy material and the principles of meaningful learning, mindful learning,
and joyful learning. The comic characters were created using 3D animation to represent
teachers and students, while the illustrations and dialogues were designed to facilitate
problem analysis and contextual problem-solving. Produk kemudian disusun
menggunakan Canva dan dikonversi menjadi buku digital interaktif melalui Heyzine.
Hasil evaluasi desain oleh dosen pembimbing menunjukkan bahwa rancangan media
telah sesuai dengan tujuan pembelajaran, karakteristik peserta didik, serta indikator
keterampilan berpikir kritis, dengan beberapa penyempurnaan pada alur penyajian dan
tampilan media sebelum memasuki tahap pengembangan.

Development

The development phase includes creating, revising, validating, and refining the product.
At this stage, the Digital Physics Comic was developed from a previously designed
storyboard and supplemented with learning resources, including teaching modules and
worksheets. Throughout the development process, regular consultations and reviews
were conducted with the supervising instructor to refine the content, storyline, dialogue,
and visual presentation so that they align with the learning objectives and are easily
understood by students.

After the initial product was developed, revisions were made based on feedback from
the supervising lecturer, focusing on refining the dialogue, clarifying the storyline, and
ensuring the accurate presentation of physics concepts to prevent misconceptions. The
revisions resulted in a Digital Physics Comic that is more communicative, systematic, and
tailored to students' characteristics. The final product consists of a Digital Physics Comic,
teaching modules, and worksheets that are integrated to support learning about
alternative energy. The following is an image from a digital physics comic in Figure 2.
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Figure 2. Digital physics comics

The next step is validation by two faculty experts in physics education and one physics
teacher to evaluate the media, content, language, teaching materials, and research
instruments. Below is a visualization of the validation results in Figure.
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Figure 3. Graph of media validity results

The validation results show that the media achieved a validity percentage of 89.31%,

placing it in the “highly valid” category. In comparison, the content and language

validation scored 88.26% and 91.67 %, respectively, also in the “highly valid” category. In

addition, the learning tools and research instruments were also classified as “highly

valid,” with scores ranging from 88.89% to 91.67%. These results indicate that the media

and learning tools developed have met the criteria for suitability for use in learning.

In addition to expert validation, a reliability test was conducted on the test instruments

using Cronbach’s Alpha. The instrument’s reliability test results, analyzed using IBM
SPSS Statistics, showed a Cronbach’s Alpha value of 0.800. The test was conducted on
five items administered to 36 student respondents. The Cronbach’s Alpha value obtained

indicates that the test instrument has a very high level of reliability, making it suitable for

use in research.

Based on these validation and reliability results, the Digital Physics Comics and

accompanying learning tools were deemed suitable for use after several refinements were

made in accordance with the validators” suggestions. The final revisions focused on

visual improvements, linguistic consistency, content accuracy, and learning structure to

make the resulting media more effective in supporting physics learning and the

development of students’ critical thinking skills.

Implementation

The implementation phase took place at a high school in Sidoarjo, East Java, using a

quasi-experimental design with two sample classes: Class X1 as the experimental class

and Class X2 as the control class. Before instruction began, both classes took a pretest to

measure their initial critical thinking skills, followed by a posttest after the learning

process was completed. The experimental class used the Digital Physics Comics medium

integrated with the Problem-Based Learning (PBL) model, while the control class

participated in PBL instruction without the digital comics medium.
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Figure 4. Graph of observation results on the implementation of instruction

The observations show that the Digital Physics Comics medium is highly practical,
with a learning implementation rate of 91.67%. The learning process aspect received the
highest final score, with an average of 97.5% and a rating of “highly valid,” indicating
that each phase of the learning activities was carried out effectively using Digital Physics
Comics. The critical thinking skills test results showed improvement in both classes, but
the experimental class improved more than the control class. Graph of average pretest
and posttest scores in Figure 5.

Average Score
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u Control 42.64 7847
Experiment 48.06 85.00

Figure 5. Graph of average pretest and posttest scores

Table 6. N-Gain score results

Class N-Gain Std. Error
Experiment Mean 0.7332 0.02246
Control Mean 0.6209 0.02798

The average pretest and posttest scores for the experimental class increased from 48.05
to 85.00, while those for the control class increased from 42.64 to 78.47. The N-Gain test
results also showed that the experimental class achieved an average score of 0.7332,
falling into the high category. In contrast, the control class achieved a score of 0.6209,
falling into the moderate category. In addition to the overall N-Gain score, improvement
in critical thinking skills can also be analyzed based on the learning outcomes of the
experimental and control classes.
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Improvements in Each Critical Thinking Indicator
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Figure 6. Graph showing the increase in n-gain for each critical thinking skill indicator

The experimental class also showed greater improvement in critical thinking skills
across all measured indicators, particularly the inference indicator. However, compared
to the other indicators, the advanced clarification indicator had the lowest score. The
effectiveness of the medium was supported by the results of the Mann-Whitney test,
which yielded a significance value of 0.007 (< 0.05), indicating a significant difference
between the improvement in critical thinking skills in the experimental class and the
control class. These results show that using Digital Physics Comics with a deep learning
approach effectively improves students’ critical thinking skills regarding alternative

energy. Figure 7 below illustrates the graph of student survey results.

Survey Response Score
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Figure 7. Graph of student survey results

e In addition, students responded very positively to the use of the media, with an
average response rate of 90.35%, indicating that they found it engaging, easy to use, and
helpful in understanding the material on alternative energy. During the implementation,
students were also more active in discussing, asking questions, and analyzing the
problems presented in the comics, making the learning process more interactive and
student-centered.

Evaluation
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The evaluation phase assessed the feasibility, practicality, and effectiveness of the Digital
Physics Comics media and its supporting tools following the analysis, design,
development, and implementation phases. The evaluation results show that the
developed medium is valid based on expert assessment, practical based on learning
outcomes and positive student responses, and effective in improving critical thinking
skills. The medium’s effectiveness is demonstrated by improved learning outcomes with
an N-Gain score in the moderate to high range, as well as Mann-Whitney test results
showing a significant difference between the experimental and control classes. Overall,
applying the ADDIE model produced a Digital Physics Comic with a deep learning
approach that meets learning needs, is easy to use, and can enhance students’ critical
thinking skills on alternative energy topics, making it a viable alternative learning
medium for high school physics.

Discussion

Validity

The validation results show that all evaluation aspects of the Digital Physics Comics
medium were categorized as “highly valid,” with a final score of 89.31%. The “useful”
aspect received the highest score at 94.40%, followed by the “visual” aspect at 93.70%,
“accurate” at 88.83%, “interesting” at 88.30%, and “structured” at 80.53%. These results
indicate that the developed media meets the criteria for suitability in physics instruction
on alternative energy.

The “usefulness” aspect received the highest percentage because the developed media
was assessed as capable of providing tangible benefits in supporting the learning process.
Digital comics not only convey information but also help students understand the
abstract concept of alternative energy through illustrations, storylines, and contextual
problem examples (Khasanah et al., 2019). Furthermore, integrating a deep learning
approach enables students to actively engage in the learning process through activities
such as observing, analyzing, and reflecting on the information presented (Mulyani et al.,
2025). These factors contribute to the medium’s high utility value in supporting the
achievement of learning objectives while simultaneously developing students’ critical
thinking skills.

Meanwhile, the “structured” aspect received the lowest percentage (80.53%), although
it still falls within the “highly valid” category. These results indicate that, overall, the
flow of the material and the narrative are well organized, but some sections still require
refinement. Several validators provided feedback on transitions between subtopics, the
connection between scenes, and the placement of key information, which could be
organized more systematically. This is likely due to the effort to integrate narrative
elements, physics concepts, and critical thinking activities into a single medium, resulting
in sections that require a more coherent flow so that students can follow the learning
process more easily and in a more focused manner (Rendi et al.,, 2020; Sembiring &
Waruwu, 2020).
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Practicality

The implementation results were obtained from observations of the learning process
conducted to determine the practicality of using Digital Physics Comics. Two observers
conducted the observations and assessed effectiveness, efficiency, critical thinking skills,
creativity, and the learning process. The classroom observation results indicated that
Digital Physics Comics achieved a practicality percentage of 91.67%, falling into the
“highly practical” category. These results demonstrate that the medium can be effectively
used in the learning process and can support students’ learning activities in an effective,
efficient, and focused manner.

Based on the practicality graph, all aspects were categorized as “highly practical,” with
percentages ranging from 81.25% to 97.50%. The learning process aspect received the
highest score (97.50%), indicating that digital comics effectively support a systematic,
interactive, and student-centered learning process. This aligns with PBL theory, which
emphasizes learning through active and collaborative problem-investigation processes
so that students are more engaged in constructing their own knowledge (Arrul et al.,
2024). Observers assessed that all stages of learning were carried out very well and in
accordance with the designed learning syntax. This is consistent with the theory
proposed by Harista (2021), which states that the primary purpose of using instructional
media is to help educators convey material more clearly and in a way that is easier to
understand.

Meanwhile, the “effectiveness” aspect received the lowest score (81.25%), although it
still fell within the “highly practical” category. Observers assessed that the Digital
Physics Comics help teachers explain alternative energy concepts more easily through
contextual illustrations and dialogues, enabling students to understand the connection
between physics concepts and real-life problems. This finding aligns with Pangestu &
Rahmi (2022), who argue that instructional media clarify the presentation of material,
enhance learning effectiveness, and facilitate students’ understanding. Furthermore,
digital comics can make abstract physics concepts more tangible and engaging through
contextual learning (Khoiriyah & Suprapto, 2021). Nevertheless, some students still
require teacher guidance to understand certain parts of the storyline, so teacher support
remains necessary to ensure full understanding.

The high scores in critical thinking (91.67%) and creativity (93.75%) indicate that
presenting contextual problems in comics encourages students to discuss and analyze
problems and actively develop solutions. Furthermore, the efficiency score of 87.50%
indicates that the medium is easily accessible and usable via digital devices, thereby
supporting flexible learning. During the learning process, students also showed great
enthusiasm for using digital comics. The storyline, engaging illustrations, and the
material's relevance to daily life encouraged students to ask questions, discuss, and
engage more actively in the learning process. These findings suggest that Digital Physics
Comics are not only practical but also capable of creating an engaging and meaningful
learning experience for students.
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Effectiveness

The effectiveness of digital physics comics based on a deep learning approach was
evaluated based on the improvement in students’ critical thinking skills after
participating in lessons on alternative energy. The effectiveness analysis was conducted
by comparing pretest and posttest results, calculating N-Gain scores, analyzing
improvements in each critical thinking indicator, testing for differences between the
experimental and control classes, and analyzing student response survey results. The
results of this analysis were used to determine the extent to which the developed medium
was able to improve students’ critical thinking skills compared to conventional learning.

1. Improvement in Test Scores

The improvement in students’ critical thinking test scores was analyzed by comparing
pretest and posttest scores in the experimental and control classes. This analysis aimed
to determine the effect of using deep learning-based digital physics comics on the
improvement of students’ critical thinking skills regarding alternative energy. The results
of the comparison of average scores and the N-Gain calculation were used to assess the
level of improvement that occurred after the learning process.

Based on the average score graph, both classes showed improvement after the
instruction. However, the improvement in the experimental class was greater than that
in the control class. The experimental class’s average posttest score showed a larger
increase from the pretest score compared to the control class, which used conventional
instruction. These results indicate that the use of deep learning-based digital physics
comics can help students better understand the concept of alternative energy and support
the development of critical thinking skills during the learning process. This aligns with
the view expressed by (Slamet et al., 2025), who emphasize the learning aspects of deep
learning so that students not only memorize concepts but are also able to connect
knowledge to real-life contexts and use it to analyze and solve problems. Furthermore,
the use of digital comics as a visual and narrative medium allows students to understand
abstract physics concepts in a more concrete and engaging way, thereby enhancing their
engagement in learning and their critical thinking skills (Khoiriyah & Suprapto, 2021).

Furthermore, the N-Gain calculations showed that the experimental class achieved a
higher improvement score than the control class. This difference indicates that learning
using Digital Physics Comics contributes more effectively to improving students’ critical
thinking skills. This improvement is supported by the presentation of contextual material
through storylines, illustrations, and problems closely related to daily life, which
encourages students to be more active in analyzing information, engaging in discussions,
and finding solutions to the problems presented (Khasanah et al., 2019). Thus, the
developed medium has proven capable of facilitating a more meaningful learning
process compared to learning that focuses solely on the conventional delivery of material.

Z"—-I turnl%')tll)ljlg: ht%gzﬁg%%?elg%ty Seu%‘rznlgs%%d/l ndex.p hp / dp ¢ Submission ID t‘?r?o%%%fs}z%smsn



Z"-.I turnitin Page 23 of 30 - Integrity Submission Submission ID  trn:oid:::3618:149504542
Deep Learning-Based Digital Physics Comics for Fostering Critical Thinking in Alternative Energy Education

2. Analysis Based on Critical Thinking Indicators
To determine the impact of the media in greater detail, an analysis was conducted on

each critical thinking skill indicator, including elementary clarification, basic support,
inference, advanced clarification, and strategy and tactics. This analysis aimed to identify
the indicators that showed the greatest improvement after students used the deep
learning-based Digital Physics Comics.

Based on the graph showing the improvement in critical thinking indicators, the
experimental class demonstrated higher N-Gain values than the control class across all
indicators. These results indicate that the use of deep learning-based Digital Physics
Comics and Problem-Based Learning (PBL) is more effective in improving students’
critical thinking skills than conventional learning. Presenting material through stories,

illustrations, and contextual problems helps students understand the concept of
alternative energy while training them to think more deeply.
The graph shows that the Inference indicator achieved the highest improvement in the

experimental class, with an N-Gain value of 0.79. These results indicate that students are
better able to draw conclusions based on the information and concepts they have learned.
This finding aligns with the theory of critical thinking according to (Ennis, 1985), which
states that the ability to draw conclusions is an essential part of the rational and reflective
thinking process. This is supported by problem-based learning activities that encourage
students to analyze phenomena, discuss solutions, and draw conclusions independently.
Furthermore, the visualizations in the comics help students understand the relationship
between physics concepts and problems encountered in daily life. This aligns with the
view of (Khasanah et al., 2019) that digital comics can help students understand abstract
physics concepts through more concrete visual representations and narratives.
Meanwhile, the Advanced Clarification indicator showed the smallest improvement
e in both classes, although the experimental class still performed better than the control
class. These findings suggest that the ability to provide advanced explanations and make
more complex connections between concepts still requires ongoing practice. According
to (Reynders et al., 2020), higher-order critical thinking skills require a consistent practice
process through in-depth analysis and reflection activities. Nevertheless, improvements
across all indicators suggest that the developed media are capable of supporting various
aspects of critical thinking skills, ranging from identifying problems, using evidence and
reasoning, drawing conclusions, to systematically determining problem-solving
strategies. However, it not only improves students’ learning outcomes but also

contributes to a more comprehensive enhancement of critical thinking skills. This is
evident from the consistent improvement across all indicators, which shows that students
are more active in analyzing, evaluating, and solving problems during the learning
process.

3. Results of the Class Comparison Test
After obtaining data on the improvement in learning outcomes for both classes, a
© comparison test was conducted to determine whether there was a significant difference
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between the experimental class and the control class. This analysis was used to confirm
that the observed improvement in critical thinking skills was attributable to the use of
deep learning-based digital physics comics. The test used in this analysis was the Mann-
Whitney test, with a sample size of 72 students, consisting of 36 students in the
experimental class and 36 students in the control class.

The results of the Mann-Whitney test showed an Asymp. Sig. (2-tailed) value of 0.007
(<0.05), indicating a significant difference between the experimental class and the control
class. These results indicate that the improvement in students’ critical thinking skills in
the class that used the Digital Physics Comics was greater than in the class that followed
conventional instruction. Thus, the use of the developed medium had a positive effect on
the improvement of students’ critical thinking skills.

This improvement is supported by the presentation of contextual material through
illustrations, storylines, and problem-solving activities integrated into the deep learning
and Problem-Based Learning (PBL) approaches. This aligns with the view (Hutauruk &
Rosana, 2025) that the application of the Problem-Based Learning model also supports
students in actively investigating and solving problems systematically. Through this
learning process, students are encouraged to analyze information, engage in discussions,
and formulate solutions to the problems presented. This aligns with the view (Sudrajat,
2020) that deep learning is characterized by students’ active cognitive, affective, and
social engagement in the learning process. These findings indicate that Digital Physics
Comics are an effective learning medium for teaching alternative energy to support the
development of students’ critical thinking skills.

4. Student Response Questionnaire

In addition to being measured through test results, the effectiveness of the medium was
also assessed based on student responses after using the Digital Physics Comics in the
learning process. A response questionnaire was administered to determine the students’
level of acceptance regarding the content, language, medium, learning process, and
critical thinking in supporting the learning process. Based on the survey results, the
Digital Physics Comics received a rating of 90.35%, falling into the “highly effective”
category. These results indicate that the developed media was very well received by
students and effectively supported the physics learning process regarding alternative
energy topics. The high response rate indicates that the medium not only helps students
understand the material but also enhances their comfort and engagement during the
learning process. These results align with the view that visually appealing and interactive
learning media can increase students’ attention, motivation, and active engagement
during the learning process (Aziz et al., 2022).

Based on the student response chart, all aspects were rated as “very effective,” with
percentages ranging from 88.75% to 92.22%. The learning aspect received the highest
score (92.22%), indicating that the use of digital comics can create a more active, engaging,
and student-centered learning experience. Learning that takes place through discussion
and problem exploration also supports the creation of joyful learning and mindful
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learning within the deep learning approach, as students are actively engaged, mindful,
and comfortable throughout the learning process (Mulyani et al., 2025).

Meanwhile, the critical thinking aspect received the lowest score (88.75%), although it
still fell within the “very effective” category. These results indicate that the media has
helped students analyze problems and find solutions; however, critical thinking skills
still require ongoing practice through various learning activities. This finding aligns with
the view (Ennis, 1985) that critical thinking is a rational and reflective thinking process
focused on making decisions based on adequate reasoning and evidence.

The high scores in the areas of content, language, and media indicate that students
found the content easy to understand, the language used to be communicative, and the
comic’s presentation engaging for learning. This aligns with the finding that using media
with language appropriate to students” characteristics facilitates their understanding of
the material (Utami et al., 2020). During the learning process, students also demonstrated
high enthusiasm for the use of digital comics. The storyline, illustrations, and contextual
problems presented were able to spark curiosity, encourage discussion, and make
students more active in the learning process. These findings reinforce the notion that
Digital Physics Comics are not only effective in improving conceptual understanding but
are also capable of creating a more engaging and meaningful learning experience.

CONCLUSION
Fundamental Finding : This study successfully developed a deep learning-based digital

physics comic on alternative energy that meets the criteria of validity, practicality, and
effectiveness for use in high school physics instruction. The developed medium achieved
a validity score of 89.31% (highly valid), a practicality score of 91.67% (highly practical),
and an effectiveness score based on the average N -Gain in the experimental class of
0.7332, which was higher than that of the control class at 0.6209; the Mann-Whitney test
results indicated a significant difference between the two classes; and student response
at 90.35% (highly effective). Additionally, the use of this medium was proven to
significantly improve students’ critical thinking skills. All critical thinking skill indicators
showed improvement, with the inference indicator showing the highest increase.
Implication: The results of the study show that integrating deep learning and Problem-
Based Learning (PBL) into digital comics can create a more meaningful, reflective, and
enjoyable learning experience. Presenting material through illustrations, contextual
narratives, and problem-solving activities helps students understand the concept of
alternative energy while developing critical thinking skills. Therefore, this medium has
the potential to serve as an innovative alternative for physics teachers in supporting
student-centered learning and strengthening 21st-century skills. Limitation: This study
has several limitations. First, the instructional materials were implemented in only one
school with a limited sample size, so the generalizability of the study’s findings must be
approached with caution. Second, the development of the instructional materials focused
on alternative energy topics, so their effectiveness for other physics topics remains
unknown. Third, the study measured only the short-term impact of the instructional
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materials on critical thinking skills during the learning process, without examining the
long-term sustainability of these skill improvements. Future Research: Future research is
recommended to implement the Digital Physics Comics with a larger and more diverse
sample size to enhance the generalizability of the research findings. Additionally, the
development of this educational medium could be expanded to cover other physics
topics and incorporate more complex interactive features, such as virtual simulations,
adaptive quizzes, or artificial intelligence technology. Future research could also examine
the impact of this medium on other 21st-century skills, such as creativity, digital literacy,
problem-solving, and collaboration, as well as evaluate its long-term effectiveness.
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