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This study aims to examine the effectiveness of a native-coded interactive electronic
worksheet integrated with a three-dimensional virtual laboratory in enhancing jun-
ior high school students’ computational thinking in thermal physics. The innovation
of this study lies in the coherent integration of native web programming and a 3D
virtual laboratory within a single learning environment, enabling structured interac-
tivity, dynamic visualization, and embedded computational tasks. The findings indi-
cate that the developed media achieved high feasibility, practicality, and readability,
and significantly improved students’ computational thinking, with moderate learn-
ing gains and a significant difference between the experimental and control groups.
These results suggest that the integration of interactive worksheets and virtual labo-
ratories supports key computational thinking processes, including decomposition,
abstraction, and algorithmic reasoning. This study contributes to physics education
by demonstrating how computational thinking can be systematically embedded
through the alignment of interactive media and virtual experimentation. In con-
clusion, this integrated approach provides a scalable and pedagogically grounded
model for advancing higher-order thinking skills in digital physics learning.
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INTRODUCTION

The digital transformation of science edu-
cation has increased the demand for higher-order
thinking skills, particularly computational think-
ing, as a key competency in 21¥-century learning
(Buitrago-Florez et al., 2021). Interactive digital
worksheets support engagement and conceptual
understanding through structured activities (Win-
tribrata et al., 2025) and can enhance analytical
and problem-solving skills (Taranto et al., 2024).
However, most studies emphasize outcomes rath-
er than how worksheet design facilitates compu-
tational thinking processes (Lee & Malyn, 2020).
This indicates a weak alignment between instruc-
tional design and computational thinking devel-
opment. This gap highlights the need for more
conceptually grounded design approaches.

In physics education, especially thermal
concepts, virtual laboratories support visualiza-
tion and inquiry-based learning (Gerhatova et
al.,, 2021) and enable simulation-based experi-
mentation beyond classroom limitations (Fal-
loon, 2019). Although some studies combine
digital worksheets with virtual laboratories (Putri
et al., 2021), the integration remains superficial
and functionally separated. Virtual laboratories
are often used only as supplementary tools rather
than core components (Elmoazen et al., 2023).
Consequently, computational thinking is not sys-
tematically developed. This reflects a lack of co-
herent instructional integration.

A key limitation is the dominance of
platform-based development, which restricts flex-
ibility and pedagogical alignment (Choi, 2022).
While platforms simplify development, they limit
interactive features and complex simulations
(Asare et al., 2023). In contrast, native coding en-
ables full control over system design and integra-
tion (Seitnazarov & Mambetkarimov, 2024). This
allows tighter alignment between content, inter-
action, and computational thinking processes
(Hutchins et al., 2020). Therefore, native coding
provides a more coherent and pedagogically ro-
bust approach.

A clear research gap emerges from these
limitations. Existing studies treat digital work-
sheets, virtual laboratories, and computational
thinking as separate components. This fragmenta-
tion reduces coherence and limits learning effec-
tiveness. Platform dependence further constrains
integration. Consequently, no unified system in-
tegrates native coding, virtual laboratories, and
computational thinking within single framework.

To address this gap, this study proposes a

native-coded interactive electronic worksheet in-
tegrated with a three-dimensional virtual labora-
tory for thermal physics learning. This study is
novel as it is among the first to integrate native
coding, virtual laboratories, and computational
thinking into a single coherent system. It embeds
computational thinking directly within virtual ex-
periments for more meaningful learning. Accord-
ingly, this study aims to: (1) develop the system,
(2) evaluate its feasibility and practicality, and (3)
examine its effectiveness in enhancing computa-
tional thinking in thermal concepts. This study
contributes a concise, integrated, and flexible dig-
ital learning environment for physics education.

METHOD

Research Design

This study employed a quasi-experimental
method using a non-equivalent control group pre-
test-posttest design, while the development of the
learning media followed the ADDIE model con-
sisting of analysis, design, development, imple-
mentation, and evaluation stages. In the analysis
stage, students’ initial computational thinking
skills, learning needs, and laboratory limitations
were identified through interviews with teachers
and students. The design stage involved structu-
ring learning activities, defining computational
thinking indicators, and developing assessment
instruments. The development stage produced a
native-coded interactive E-Worksheet integrated
with a 3D virtual laboratory (ThermoLab) using
HTML, CSS, and JavaScript. Furthermore, the
implementation stage compared an experimental
group using the developed media with a control
group receiving conventional instruction, while
the evaluation stage assessed feasibility, practi-
cality, readability, and effectiveness to determine
the overall quality of the product. The compre-
hensive framework of the research procedure is
illustrated in Table 1.

Participants

The study involved 63 seventh-grade stu-
dents from SMP Negeri 10 Semarang, consisting
of 32 students in the experimental group and
31 students in the control group, with students
aged approximately 12—13 years. Sampling was
conducted using cluster sampling, where intact
classes were selected based on existing school
groupings without random assignment, and both
groups were considered to have relatively similar
academic characteristics based on prior achieve-
ment records.

160



Bunaya Hanif Wintribrata & Bambang Subali / Unnes Science Education Journal 15 (1) (2026) 159-173

Operational Definition of Computational
Thinking

Computational Thinking Skills (CTS)
in this study were operationalized into five me-
asurable indicators, namely decomposition,
abstraction, pattern recognition, algorithmic
thinking, and generalization. Decomposition
refers to the ability to break down complex
problems into smaller, manageable parts, while
abstraction is defined as the ability to identify re-
levant information and ignore irrelevant details.
Pattern recognition involves the ability to identify
similarities or relationships across different cases,
and algorithmic thinking refers to the ability to
construct logical and sequential steps to solve
problems. Generalization, on the other hand, is
the ability to apply solutions or patterns to new
problems. Each of these indicators was assessed
through structured multiple-choice items aligned
with thermal physics contexts.

Data Analysis

Feasibility Analysis of Interactive E-Worksheet
Expert validators assessed five aspects of

the E-Worksheet using a descriptive percentage

formula:

P=£X 100%

The resulting percentage provides a clear
indicator of level of feasibility, which is then mat-
ched with predetermined criteria to categorize
the media’s quality. The criteria used in this study
follow Arifin (2015), as presented in Table 2.

Table 2. Feasibility Criteria for the Interactive E-
Worksheet

Percentage

Criteria Description

76% —100% Very Highly Feasible, No
Good Revision Required
51%—-75% Good Feasible, Revision
Required
36% —-50% Poor Not Feasible, Revi-
sion Required
<35% Very Highly Not Feasible,
Poor Revision Required
Instruments

The CTS instrument consisted of multiple-
choice items validated for content validity using
Aiken’s V, with items accepted at V> 0.70 (Aiken,
1985). Reliability was assessed using the KR-20
formula, with a minimum acceptable coefficient
of 0.70 (Sugiyono, 2022). The CTS instrument
used in pretest and posttest covered five indica-
tors: decomposition, abstraction, pattern recog-

nition, algorithmic thinking, and generalization.

Practicality Analysis of the Interactive E-Work-
sheet

Practicality was evaluated by both expert
validators and students using:
Obtained Score

x100%
Maximum Score °

Practicality (%)=

This percentage outcome was then inter-
preted based on predetermined practicality crite-
ria to classify the E-Worksheet’s usability level.
The criteria used in this study refer to Sudjana
(2001) as cited in Murni (2022), and are pre-
sented in Table 3.

Table 3. Practicality Criteria for the Interactive
E-Worksheet

Percentage Range
79% < score < 100%
64% < score < 79%
54% < score < 64%

0% < score < 54%

Classification

Very Practical
Practical

Not Practical
Very Not Practical

Analysis of Media Readability by Students
Student readability was assessed across se-
ven dimensions using the formula:
Obtained Score

Maximum Score

This percentage value reflects the overall
level of clarity, accessibility, and user-friendliness
of the E-Worksheet. Subsequently, the resulting
scores were compared against established rea-
dability criteria to classify the media into ap-
propriate categories. The classification scheme
used in this study follows Utami et al. (2022), as
outlined in Table 4.

Readability (%)= x100%

Table 4. Readability Criteria for the Interactive
E-Worksheet

Percentage Range Classification
75% < score < 100% Very Good
50% < score <75%  Good

25% < score <50%  Poor

0% < score <25% Very Poor

Analysis of the Characteristics of a ThermoLab
Characteristics were assessed using:

- X
Characteristic (%)= N x100%

Note: P: Average scoring; > X: Total responses
from each respondent for each evaluated item; N:
Total ideal score
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The resulting percentage was then inter-
preted using predetermined criteria to classify the
quality level of the ThermoLab characteristics.
These classification criteria, adapted from Ari-
kunto (2021), are presented in Table 5.

Table 5. Characteristics Criteria for the Interac-
tive E-Worksheet

Percentage (%) Range Classification
81.25% < score < 100% Very Good
62.50% < score < 81.25%  Good

43.75% < score < 62.50%  Poor

25.00% < score <43.75%  Very Poor

Validation of Multiple Choice Computational
Thinking Skills Test Instrument

Content validity was measured using
Aiken’s V formula:

28
VD]

Note: V = Aiken’s index; s =rlo;lo = the lowest
validity rating score; ¢ = the highest validity rat-
ing score; r = the score given by an expert; n = the
number of raters.

Reliability

Instrument reliability was analyzed using
the KR-20 formula because the test items were
dichotomous (correct/incorrect). The CTS
instrument was considered reliable if the coeffi-
cient was > 0.70 (Sugiyono, 2022).

o n x (St-'zpiqi)
! (n'l) Sr2

Note : R11 : Overall test reliability; p, : Propor-
tion of items answered correctly; g, : Proportion

of items answered incorrectly; n : Number of
items (questions); St? : Question variance

Medjia Effectiveness Analysis
Independent Sample T-Test

In this study, the effectiveness of the nati-
ve-coded interactive E-Worksheet integrated with
a 3D virtual laboratory was examined using an
independent sample t-test to compare learning
outcomes between the experimental and control
groups. The analysis relied on students’ posttest
Computational Thinking Skills (CTS) scores as a
direct indicator of the media’s impact. The hypot-
heses tested whether there was no significant dif-
ference between the two groups (H,) or whether
a significant difference existed (H,). A significant
result favoring the experimental group would

demonstrate the superior effectiveness of the
interactive E-Worksheet in enhancing students’
computational thinking. Thus, the independent
sample t-test provides essential evidence of the
developed media’s comparative advantage over
conventional instruction.
N-Gain Test

The effectiveness of the native-coded in-
teractive E-Worksheet was also examined using
the N-Gain test to measure improvements in
students’ Computational Thinking Skills (CTS)
from pretest to posttest. The N-Gain score provi-
des a standardized measure of learning progress
by comparing the actual gain with the maximum
possible gain. The normalized gain was calcula-
ted using the following formula:

Spost - Sp“re

g =

Smax — SpTe

Ethical Considerations

This study was conducted with permissi-
on from the school. Students participated volun-
tarily, and all data were collected anonymously.
Participants were informed about the purpose of
the study, and their responses were used solely for
research purposes.

RESULT AND DISCUSSION

The feasibility assessment of the native-
coded interactive E-Worksheet integrated with
a 3D virtual laboratory was conducted to ensure
that the developed media met the required quali-
ty standards prior to classroom implementation.
The evaluation covered several aspects, including
visual design, presentation, content accuracy,
deep learning support, and alignment with com-
putational thinking skills. Expert validators revie-
wed each component to ensure its pedagogical
relevance and technical quality. The results of the
feasibility assessment are presented in Table 6.

Table 6. Feasibility Assessment of the Interactive
E-Worksheet

Assessment Aspect

Score (%) Category

General Appearance 91% Very Good
Presentation 93.67% Very Good
Material / Content 98.88% Very Good
Deep Learning 100% Very Good
Computational 100% Very Good
Thinking

Total Feasibility 95.94% Very Good
Score
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The feasibility assessment of the developed
interactive E-Worksheet indicates that the media
achieved a Very Good category across all eva-
luated aspects, with an overall score of 95.94%.
Beyond confirming its technical adequacy, these
findings suggest that the media is pedagogical-
ly aligned with higher-order learning processes.
The high score in content accuracy (98.88%)
implies that the conceptual representations em-
bedded within the virtual environment are reli-
able, which is essential for supporting students’
understanding of abstract thermal concepts and
preventing misconceptions (Darman et al., 2024).
In virtual laboratory contexts, conceptual accura-
cy not only reflects content validity but also ser-
ves as a cognitive foundation that guides students
in constructing meaningful scientific understan-
ding. Moreover, the perfect scores in deep lear-
ning and computational thinking aspects (100%)
indicate that the media is not merely informati-
ve but facilitates cognitively generative learning
processes. The integration of structured inquiry
tasks and computational thinking activities li-
kely promotes decomposition, abstraction, and
algorithmic reasoning, which are fundamental
mechanisms underlying higher-order thinking
(Herlina et al., 2025; Wang et al., 2022). From a
constructivist perspective, this suggests that stu-
dents actively construct knowledge through in-
teraction with simulations and problem-solving
tasks (Mayer, 2021), explaining not only that the
media is feasible but also why it has the potential
to support meaningful learning. These findings
are consistent with previous studies reporting
high validation scores in digital learning media
design and presentation (Nenggala & Razi, 2024;
Dewi et al., 2023). Nevertheless, the uniformly

high validation scores may indicate a potential
ceiling effect in expert judgment, suggesting the
need for broader validation in diverse contexts.

Practicality of Interactive E-Worksheet with
3D Virtual Laboratory Integration

The practicality of the Interactive E-Work-
sheet integrated with a 3D Virtual Laboratory
was evaluated to determine its usability and feasi-
bility in supporting the learning process. This
assessment considered several aspects, including
content quality, accuracy, presentation format,
usefulness, ease of use, timeliness, and user sa-
tisfaction. Practicality evaluation is an essential
component in educational media development
because it reflects the extent to which a learning
tool can be effectively implemented in real clas-
sroom settings. Previous studies emphasize that
the successful implementation of digital lear-
ning media depends not only on content quali-
ty but also on usability and adaptability within
instructional contexts (Toma et al., 2023; Limbu
& Pham, 2023). The results of the practicality as-
sessment are presented in Table 7.

The practicality results, with an overall sco-
re of 81.9% categorized as Very Practical, indica-
te that the media is usable within real classroom
settings; however, a deeper analysis reveals that
practicality plays a critical role in bridging design
quality and learning effectiveness. The relatively
high scores in ease of use (80.9%) and presen-
tation format (82.7%) suggest that the interface
design successfully reduces extraneous cognitive
load, allowing students to allocate more cogniti-
ve resources to processing core learning content
(Toma et al., 2023; Sweller et al., 2019).

Table 7. Results of the Practicality Analysis of the Learning Media

Assessment Score (%) Category Interpretation

Aspect

Content 84.2% Very Practical ~ Content is appropriate and supports learning objectives
well

Accuracy 83.4% Very Practical  Information is accurate and reliable with no major revi-
sions required

Format 82.7% Very Practical ~ Presentation format is clear and systematically organized

Usefulness 81.6% Very Practical Media is useful and supports learning activities effectively

Ease of Use 80.9% Very Practical Media is easy to use and user-friendly

Timeliness 80.5% Very Practical Media is appropriate for use within the allocated learning
time

User 80.6% Very Practical ~ Users show a high level of satisfaction in using the media

Satisfaction

Overall 81.9% Very Practical Media is feasible to use and does not require revision

Average Score
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In addition, the usefulness score (81.6%)
reflects students’ perception that the media mea-
ningfully supports their learning activities, which
aligns with the Technology Acceptance Model,
where perceived usefulness is a key determinant
of user engagement (Limbu & Pham, 2023). The
integration of interactive simulations and inqui-
ry-based tasks likely enhances this perception by
enabling experiential and active learning (Ou-
yang et al., 2025). When interpreted alongside
feasibility results, an important pattern emerges
in which well-structured content supports usabi-
lity, and usability in turn enhances engagement,
ultimately contributing to learning effectiveness.
This cross-analysis indicates that effectiveness is
not solely determined by content quality but by
the interaction between pedagogical design, usa-
bility, and cognitive engagement (Antonio, 2023;
Song et al., 2025). However, the slightly lower
practicality scores compared to feasibility suggest
that high technical validity does not automatical-
ly translate into optimal user experience, high-
lighting an area for further refinement.

Readability of Interactive E-Worksheet with
3D Virtual Laboratory Integration by Students
The readability of the developed learning
media was evaluated to ensure that the content
can be clearly understood and effectively accessed
by students during the learning process. Readabi-
lity plays an important role in digital instructional
media because it influences learners’ comprehen-
sion, engagement, and overall learning experien-
ce. Well-structured and clearly presented digital
materials support students in processing and re-
taining information during self-directed learning
activities (Lim et al., 2024; Cho et al., 2023). The
readability assessment covered several aspects,

including comprehensibility, ease of reading, lan-
guage and style, visual readability, organization
and structure, interactivity and responsiveness,
and user satisfaction. The results are presented in
Table 8.

The readability results, with an overall sco-
re of 94.33% in the Very Good category, reinforce
the accessibility and pedagogical quality of the de-
veloped media. High scores in comprehensibility,
organization, and interactivity indicate that the
material is presented in a clear, structured, and
engaging manner, which supports students’ abi-
lity to process and retain information effectively
(Lim et al., 2024; Cho et al., 2023). From a theore-
tical standpoint, readability functions not only as
a measure of clarity but also as a mechanism that
reduces cognitive barriers during learning. Well-
organized content and clear language facilitate
guided cognitive processing, enabling students
to focus on higher-order thinking tasks rather
than struggling with understanding instructions
or representations (Mayer, 2021). Furthermore,
readability appears to act as a mediating variable
between usability and learning outcomes, as clear
and structured presentation reduces cognitive
load and enhances engagement, which in turn
supports improved learning performance (Kefa-
lis et al., 2025; Lin et al., 2024). Visual elements
such as animations and simulations also contri-
bute to conceptual understanding, particularly
for abstract scientific phenomena (Kefalis et al.,
2025; Banda & Nzabahimana, 2021). Thus, the
effectiveness of the interactive E-Worksheet can-
not be attributed solely to virtual simulations but
also to how information is structured and com-
municated to learners (Alam, 2023; Kiegaldie &
Shaw, 2023).

Table 8. Results of the Readability Analysis of the Learning Media

Assessment Aspect Score Category Interpretation

(%)
Comprehensibility  94.4% Very Good The content is easy to understand and clearly conveys learn-

ing messages

Ease of Reading 92.3% Very Good Text is easy to read and supports smooth learning activities
Language and Style 93.1% Very Good Language use is appropriate, clear, and consistent
Visual Readability  93.6% Very Good Visual elements enhance readability learning engagement
Organization and 96.6% Very Good Content is well-organized and systematically structured
Structure
Interactivity and 97.0% Very Good Media shows high interactivity and responds well to user in-
Responsiveness put
User Satisfaction 93.3% Very Good Users are highly satisfied with the readability of the media
Overall Average 94.33% Very Good The learning media demonstrates excellent readability and

Readability Score

requires no revision
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Table 9. Suggestions and Revisions by Experts in the Media Feasibility Test

No. Suggestion Before Revision After Revision

1 The font. type should be re- - E-LKPD BERPENDEKATAN
placed with a more appealing COMPUTATIONAL THINKING COMPUTATIONAL THINKING
option, and the background
color should be adjusted -tO e ot ko o MATERT SUHU, KALOR, DAN PEMUATAAN
ensure better contrast with A A —
the text. e e T S

VII | SMP/MTs VII | SMP/MTs

Program Magister Pendidikan limu Pengetahuan Alam Program Magister Pendidikan Iimu Pengetahuan Alam
Fakultas Matematika dan limu Pengetahuan Alam Faluites Matematika dan Timu Pengetahuan Alom
Universitas Negeri Semarang
2025

Universitas Negeri Semarang
2025

Improvement Effort: A modern and readable font was select-
ed, and the background color was changed to a contrasting
tone to enhance overall visual clarity and aesthetics.

2 The “Student Identity” menu
layout needs refinement by

; . Identitas SiSwWa i wim s - ldentitas
including the E-Worksheet EE— LEP[: qr
logo and organizing the text ’
neatly.

Lanjutkan

Improvement Effort: The Student Identity section was rede-
signed to include the E-Worksheet logo and improved text
alignment for a cleaner, more professional interface.

3 The QR Code linking to
the 3D Virtual Laboratory Scan QR Code: Scan GR Code:
should be enlarged for better
visibility.

Unduh laboratorium virtual 30 metalui scan QR
Code atay link yang sudah komu dopatkan.

Improvement Effort: The QR Code size was increased to en-
sure clearer scanning and easier access to the virtual labora-
tory.
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No. Suggestion Before Revision After Revision
4 Additional features such as Sy
“Practice Questions” and
. . Tentang E-LKPD
“Final Exam” should be in-
Cluded. - : # Panduan Pengguna
Peta Konsep
Improvement Effort: New interactive menus titled “Practice
Questions” and “Final Exam” were added to support assess-
ment and skill mastery.
5 A learning video should be 5. Bahan Tayang
added to the “Material” sec- |05 54 ore Pols Pomsg e
tion under the Presentation
submenu. Suh ot vt s o ey st e o [ ]
setuiniaalone s SUHU, KALOR,
DAN PEMUATIAN
Thous Perge b Al L VT
SUHU, KALOR,
DAN PEMUAIAN 5.2 Video Pembelajaran
T Peeicheen Al Kk VIT
Improvement Effort: A concise instructional video was em-
bedded within Material section to enrich multimedia learning.
6 Important formulas should

be added to the material to 15 Petandingen Stala Su
aid conceptual understand-
e S (45 G el ek e Gl
nenph shu e s aiza da ik G s
Fbvetet ks G et st g s

sl (.l eyl gl ub st Pt
et kth g daip s (e el ey
ety mevad o g sama.

Improvement Effort: Key formulas were inserted into lesson
content, accompanied by brief explanations to reinforce stu-
dents’ comprehension.
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No. Suggestion Before Revision After Revision
7 A password feature should |
be added to menus (“Tem- % Suhu profound-chous-763005.netlify.app says
perature”, “Heat”, “EXpan- Masukkan password untuk membuka modul ini:
sion”, “Practice Questions”, # Kalor [ ]
“Final Exam”) so students
can only access them when t Pemugian
permitted by the teacher. o s
# Latihan Soal
¥ Ujian Akhir
Improvement Effort: A password-locked access system was
implemented, ensuring each menu becomes available only
when activated by the instructor.
8 A download-certificate fea-

ture should be added based
on mastery level (>75), re-
quiring students with lower
scores to repeat the activity.

STUDI KASUS 3

e 0

@ Total Seore = 0

@ Total Score =0

Improvement Effort: A performance-based download system
was added; certificates become available only for scores above
75, while students scoring below must redo activities before

progressing.

Interactive E-Worksheet with 3D Virtual
Laboratory Integration Characteristics

The characteristics of the E-Worksheet
were evaluated across six aspects: accessibili-
ty, multimedia integration, design interactivity,
automatic evaluation, computational thinking
support, and virtual laboratory integration. Ove-

rall, the results indicate that the E-Worksheet de-
monstrates high accessibility, interactive design,
and strong integration of multimedia and virtual
simulation features, supporting flexible and enga-
ging learning experiences.

Assessment Results of Media Characteristics by
Experts

Table 10. Assessment Results of Media Characteristics by Experts for Interactive E-Worksheet with

3D Virtual Laboratory Integration

Media Characteristics

Score

E-Worksheet, accessible on laptop/smartphone

Equipped with video, sound, images, QR code, animations

Interactive and practical design

Automatic evaluation after completing the exercises

Supports computational thinking

Integrated with 3D virtual lab for simulation

100%
100%
95%
100%
95%
95%
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The results presented in Table 10 con-
firm that all assessed aspects achieved high sco-
res (95%-100%), indicating strong performance
across key characteristics. The high accessibility
score reflects the ability of the E-Worksheet to
support flexible learning across devices (Prahani
et al., 2022; Rahmat et al., 2023). The integration
of multimedia elements enhances conceptual vi-
sualization and student engagement (Tsoukala et
al., 2024; Anggraeni et al., 2022), while the inte-
ractive and user-friendly design helps reduce cog-
nitive barriers during learning (Shatri & Shala,
2022; Rizal et al., 2024). The automatic evalua-
tion feature provides immediate feedback, which
is essential for improving learning performance
(Andriamiseza et al., 2023; Atwa et al., 2024).
Furthermore, the support for computational
thinking and the integration of a 3D virtual la-

boratory enable students to engage in interactive
simulations and inquiry-based problem solving,
contributing to deeper conceptual understanding
(Kiegaldie & Shaw, 2023; Gebreheat et al., 2022;
Reyes et al., 2024). Overall, these findings indica-
te that the E-Worksheet offers a comprehensive
and effective digital learning environment.

Results of the Normality Test

The normality test was conducted to exa-
mine whether the pretest and posttest scores of
both control and experimental groups met the
assumptions required for parametric analysis.
In this study, the Kolmogorov—Smirnov test was
applied due to the sample size, which is more ap-
propriate for larger datasets (Nahm, 2022; Uyan-
to, 2022). The results are presented in Table 11.

Table 11. Normality Test Results of Pretest and Posttest Data

Class Test Kolmogorov— df Sig. Shapiro-Wilk Statistic df Sig.
Smirnov Statistic

Control Class Pretest 0.151 31 0.069 0.957 31 0.236

Control Class Posttest 0.153 31 0.062 0.942 31 0.095

Experiment Class Pretest 0.152 32 0.060 0.953 32 0.180

Experiment Class Posttest 0.142 32 0.099 0.927 32 0.033

As shown in Table 11, all Kolmogorov—
Smirnov significance values exceed 0.05, indica-
ting that data are normally distributed. This result
confirms that the dataset meets the assumptions
required for parametric statistical testing, allo-
wing further analysis such as independent samp-
les t-test to be conducted reliably. The normal
distribution of both pretest and posttest scores
also suggests that there is no substantial deviation
or extreme bias in data, supporting the validity of
comparisons between the control and experimen-
tal groups (Mishra et al., 2021; Ozdemir, 2021).

Results of the Homogeneity Test

The homogeneity test was conducted to
determine whether variance structures of control
and experimental groups were equivalent prior to
hypothesis testing. In this study, Box’s M test was
applied to assess the equality of covariance mat-
rices, which is a key assumption for conducting
parametric analysis (Hahs-Vaughn & Lomax,
2020). The results are presented in Table 12.

As shown in Table 12, the significance
value of Box’s M (0.945) is greater than 0.05,
indicating that the covariance matrices between
groups are homogeneous. This result confirms

that the variance structures of the control and ex-
perimental groups are comparable, ensuring that
subsequent statistical analyses can be conducted
without bias due to unequal variance (Ojeda,
2024). Therefore, the homogeneity assumption is
satisfied, supporting the validity of further hypot-
hesis testing.

Table 12. Box’s M Test Results for Equality of
Covariance Matrices

Statistic Value
Box’s M 0.382
Approx. F 0.126

df1 3

df2 26.775.842
Sig. 0.945

Results of the Independent Samples t-Test

The independent samples t-test was con-
ducted to examine differences in learning out-
comes between the experimental and control
groups. Prior to analysis, Levene’s test was used
to assess the equality of variances to ensure the
appropriateness of the parametric test (Uyanto,
2022). The results are presented in Table 13.
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Table 13. Results of the Independent Samples t-Test

Varians Levene’s Sig. T df Sig. Mean Std. Error 95% CI  95% CI
Test (F) (2-tailed) Difference Difference Lower Upper

Equal 0.106 0.745 -3.436 61 0.001 -16.623 4.838 -26.297 -6.949

variances

assumed

Equal -3.431 60.084 0.001 -16.623 4.845 -26.314  -6.932

variances not

assumed

As shown in Table 13, the significance
value of Levene’s test (0.745) exceeds 0.05, in-
dicating that the assumption of equal variances
is satisfied. The t-test results reveal a significant
difference between the experimental and control
groups (p = 0.001), suggesting that the imple-
mented intervention had a meaningful impact on
student learning outcomes. The negative mean
difference indicates that the experimental group
outperformed the control group, reflecting the
effectiveness of the interactive E-Worksheet in-
tegrated with a 3D virtual laboratory. This result
implies that the combination of interactive simu-
lations and computational thinking tasks sup-
ports deeper understanding and problem-solving
processes rather than surface-level learning. The-

se findings are consistent with previous studies
demonstrating that technology-integrated and
virtual laboratory-based learning environments
can enhance student achievement compared to
conventional instruction (Banda & Nzabahi-
mana, 2023; Al-Nakhle, 2022), as well as meta-
analytic evidence highlighting their effectiveness
across STEM contexts (Wang et al., 2024).

Results of the N-Gain Test

The N-Gain test was used to evaluate ef-
fectiveness of learning media by measuring imp-
rovement in students’ learning outcomes from
pretest to posttest. This analysis provides an indi-
cation of how far intervention contributes to lear-
ning gains. The results are presented in Table 14.

Table 14. Descriptive Statistics of N-Gain Test Results

Std. Deviation

Variabel N Minimum Maximum Mean
N-Gain Score 32 0.17 1.00
N-Gain Persen (%) 32 16.67 100.00

Valid N (listwise) 32

0.6635 0.23572
66.3517 23.57205

As shown in Table 14, the mean N-Gain
score of 0.6635 falls within the moderate catego-
ry, indicating a meaningful improvement in stu-
dents’ learning outcomes. Although not reaching
a high category, this result suggests that the in-
tervention effectively supports learning progres-
sion, particularly in developing computational
thinking skills. The moderate gain implies that
the impact of the media is substantial but still
influenced by factors such as learning duration,
prior knowledge, and the level of instructional
support. This finding indicates that technology-
enhanced learning does not produce instant ma-
ximal outcomes but facilitates gradual cognitive
development through repeated engagement and
problem-solving processes. Similar patterns have
been reported in studies on virtual laboratory-
based learning, which typically yield moderate
yet significant improvements in conceptual un-
derstanding (Banda & Nzabahimana, 2023; Al-

Nakhle, 2022).

The evaluation stage further confirms the
overall quality of the developed media. Through
the ADDIE framework, evaluation was con-
ducted both formatively and summatively to en-
sure continuous refinement of the product (Spa-
tioti & Kazanidis, 2022; Senadheera et al., 2024).
Feedback from experts and users indicates that
the E-Worksheet demonstrates strong feasibility,
practicality, readability, and instructional effecti-
veness. This multi-source evaluation strengthens
the validity of the findings, as it integrates both
empirical data and user experience perspectives
(Timotheou et al., 2023; Deriba, 2024). Overall,
the results indicate that the interactive E-Work-
sheet integrated with a 3D virtual laboratory
provides a meaningful and effective learning en-
vironment that supports computational thinking
and inquiry-based learning (Wang et al., 2024;
Worner et al., 2022).
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Critical Insights and Cross-Findings Analysis

Despite the overall positive findings, se-
veral critical insights emerge from the analysis.
The gap between feasibility and practicality sco-
res suggests that expert validation may not fully
reflect actual user experience, emphasizing the
importance of incorporating user-centered eva-
luation in future development. In addition, the
moderate level of learning gain, despite high rea-
dability and usability, indicates that clarity and
accessibility alone are insufficient to guarantee
high-level cognitive outcomes without sustained
practice and deeper instructional support. This
indicates that high design quality alone is insuf-
ficient without sustained pedagogical support
and repeated learning exposure. These findings
highlight that the effectiveness of digital learning
media is multifactorial, involving the interaction
between content quality, usability, readability,
and pedagogical implementation (Hattie, 2023).
Therefore, effectiveness should be understood as
an emergent result of multiple interconnected
factors rather than a direct outcome of a single
variable.

This study has several limitations that
should be considered when interpreting the fin-
dings. First, the duration of the intervention was
relatively short, which may limit the development
of higher-order thinking skills such as computa-
tional thinking. Second, the study was conducted
within a single school context, which may rest-
rict the generalizability of the findings. Third, the
reliance on quantitative data limits the ability to
capture in-depth cognitive processes experienced
by students during learning. Additionally, the
uniformly high expert validation scores may indi-
cate limited variability in evaluation, suggesting
the need for more diverse assessment perspectives
(Timotheou et al., 2023; Deriba, 2024). Future
research is therefore recommended to employ
longitudinal designs, larger samples, and mixed-
method approaches to provide a more compre-
hensive understanding of the mechanisms under-
lying the effectiveness of digital learning media.

Overall, the findings demonstrate that the
effectiveness of the interactive E-Worksheet in-
tegrated with a 3D virtual laboratory is not de-
termined by a single factor but by the interaction
between feasibility, practicality, and readability.
These elements collectively support cognitive pro-
cesses that lead to improved learning outcomes,
highlighting the importance of integrating peda-
gogical design, usability, and content clarity in
the development of digital learning media (Wo6r-
ner et al., 2022; Wang et al., 2024).

CONCLUSION

This study demonstrates that the effecti-
veness of the native-coded interactive electronic
worksheet integrated with a three-dimensional
virtual laboratory is determined by the alignment
of feasibility, practicality, and readability with
learning processes that support students’ compu-
tational thinking in thermal physics. The findings
indicate that the observed moderate improvement
and significant group differences reflect not mere-
ly the use of technology, but the role of structured
interactivity, virtual experimentation, and guided
tasks in facilitating decomposition, abstraction,
and algorithmic reasoning. Theoretically, this
study contributes to physics education by concep-
tualizing computational thinking as an embedded
cognitive process developed through the integra-
tion of interactive media and virtual laboratory
environments. Practically, the developed media
provides a feasible and effective alternative to
support active and flexible learning, particularly
in contexts with limited access to physical labora-
tories. However, this study is limited by its small
sample size, restricted scope to thermal concepts,
and dependence on technology, which may limit
generalizability. Future research should exami-
ne its application across broader physics topics,
involve larger and more diverse samples, and in-
vestigate long-term impacts using longitudinal
and mixed-method approaches. In conclusion,
the integration of native-coded interactivity and
virtual laboratories offers a coherent approach
to embedding computational thinking in physics
learning, with implications for advancing higher-
order thinking skills in digital education contexts.
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