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Abstract

This study aimed to analyze the effect of PhET Chemistry Simulations and learning motivation on senior
high school students’ understanding of molecular shape concepts. The study employed a quasi-
experimental method with a 2 x 2 factorial design involving 60 tenth-grade students divided into an
experimental class using PhET Chemistry Simulations and a control class receiving conventional
instruction. Data were collected through a chemistry conceptual understanding test and a learning
motivation questionnaire and analyzed using descriptive statistics and Two-Way ANOVA at a
significance level of 0.05. The results showed that students taught using PhET Chemistry Simulations
achieved higher conceptual understanding than those taught conventionally. The highest improvement
was found in highly motivated students in the experimental group (58.89 points), followed by low-
motivation students in the experimental group (40.33 points). Meanwhile, the conventional groups
showed improvements of 52.00 points and 35.71 points, respectively. The average posttest score of the
experimental class (76.80) was higher than that of the control class (68.67). Statistical analysis revealed
that instructional media significantly affected students’ chemistry conceptual understanding (F =
11.091; p < 0.05), and learning motivation also showed a significant effect (F = 112.853; p < 0.05).
However, no significant interaction was found between instructional media and learning motivation (F
= 0.216; p > 0.05). These findings indicate that PhET Chemistry Simulations effectively improve
students’ conceptual understanding across different motivational levels.

Keywords: Learning Motivation; Molecular Shape; PhET Chemistry Simulations; Senior High School
Students; Chemistry Conceptual Understanding.

INTRODUCTION

Education significantly improves the quality of human resources by implementing effective,
meaningful pedagogical practices. In the domain of science education, particularly in chemistry,
it is crucial for students to not only master theoretical concepts but also to understand chemical
phenomena as they manifest in their everyday experiences (Bagossi et al., 2022; Rahmawati et
al., 2022). However, the chemistry curriculum at the high school level continues to face many
challenges, particularly regarding the understanding of basic concepts (Risvayani et al., 2023;
Pane et al,, 2025; Pratomo et al., 2025). A large number of chemical concepts are inherently
abstract, microscopic in nature, and require advanced visualization skills, including but not
limited to atomic structure, chemical bonding, stoichiometry, chemical equilibrium, and reaction
kinetics. These difficulties often result in students experiencing significant difficulty in achieving
a deep understanding of the material, consequently leading to a decline in academic performance
and understanding of chemical principles (Atika & Latisma, 2022; Apriani et al., 2024).

This problem is exacerbated by pedagogical frameworks that primarily emphasize teacher-
centered instruction (Byusa et al., 2022; Khatimah & Chisbiyah, 2024). The prevalence of lecture-
based methodologies results in reduced student engagement in autonomous knowledge
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construction (Klein et al., 2023; Johnson & Coulter-Kern, 2024). As a result, students tend to
absorb information rather than actively participate in conceptual exploration passively. Indeed,
the study of chemistry requires engagement in activities such as observation, experimentation,
and visualization to facilitate a more concrete understanding of abstract concepts. Therefore,
there is a critical need for educational innovations that can foster interactive, stimulating
learning experiences and encourage active student engagement (Laid & Adlaon, 2025).

One specific manifestation of educational innovation that can be implemented is the
incorporation of technology-enhanced learning resources. The application of technological tools
in the educational process can facilitate educators in delivering content in a more visually
engaging, interactive, and contextual format (Sailer et al., 2024). Simulation-based educational
resources are considered effective in helping learners understand abstract scientific principles,
as they have the capacity to depict phenomena that are challenging to directly observe in a
laboratory setting. A prominent simulation resource widely used in the domain of chemistry
education is the PhET Chemistry Simulation, developed by the University of Colorado Boulder
(Sailer et al,, 2024).

The implementation of PhET Chemistry Simulations provides students with the
opportunity to engage in experiential learning (learning through active participation).
Interactive simulations help students visualize chemical phenomena, conduct virtual
experiments independently, and correlate macroscopic, microscopic, and symbolic
representations in chemistry education. This pedagogical medium helps reduce
misunderstandings and promotes deeper conceptual understanding by allowing students to
investigate parameters in experiments that are impractical to run directly in a laboratory setting
(Meronda et al,, 2025; Thuan et al., 2026). Furthermore, simulation-based pedagogy is also able
to increase student engagement and dynamism throughout the educational experience. This
occurs because students do not simply assume the role of passive recipients of information, but
are actively engaged in interactions with the materials and results of the experiments conducted
virtually, thus encouraging their participation in a more active and meaningful learning process
(Rahmawati et al., 2022).

In addition to examining media factors, the construct of learning motivation emerged as a
critical determinant influencing students’ success in understanding chemistry concepts.
Learning motivation encompasses intrinsic and extrinsic drives that foster a spirit of inquiry in
students, driving them toward achieving educational goals. Students who exhibit increased levels
of learning motivation tend to manifest proactive attitudes, resilience, and a deep curiosity
regarding the subject matter being studied (Putra Suharnadi et al., 2024; Kong et al., 2025).
Conversely, decreased learning motivation results in students exhibiting a lack of focus,
passivity, and an increased tendency to encounter challenges in understanding educational
content (Rahmi & S, 2022; Tang et al,, 2025). Therefore, there is a significant correlation between
learning motivation and students’ level of understanding of chemical phenomena.

Numerous prior studies have demonstrated that the implementation of interactive
educational media can improve students’ learning outcomes and understanding of scientific
concepts in science education (Festiyed et al.,, 2023; Putri et al., 2024). A clear research gap
remains, particularly regarding how interactive digital simulations and students’ learning
motivation jointly contribute to conceptual understanding in chemistry learning. Moreover,
limited empirical studies have applied a factorial experimental approach to investigate the
simultaneous and comparative effects of learning media and motivation within specific abstract
chemistry topics such as molecular shape at the senior high school level.

Therefore, the novelty of this study lies in integrating PhET Chemistry Simulation and
learning motivation within a 2 x 2 factorial quasi-experimental design to examine both main
effects and interaction effects on students’ conceptual understanding of molecular shape. By
combining technological pedagogical innovation with psychological learning factors, this study
provides new empirical evidence on how digital simulation environments function across
different motivational profiles of students. The findings are expected to contribute to the
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development of evidence-based technology-enhanced chemistry instruction and offer practical
implications for optimizing interactive learning strategies in secondary chemistry education

METHODS

This study applied a quantitative methodology using quasi-experimental techniques to
investigate the impact of PhET Chemistry Simulation as a medium and the role of learning
motivation on high school students’ understanding of chemistry. This study used a 2 x 2 factorial
design to analyze the main effects of learning media utilization and learning motivation, while
simultaneously examining the interaction between these two variables on chemistry material
understanding, particularly focusing on the subject of molecular shapes (Stiawan et al., 2022;
Puja, 2024; Sequeira, 2024). The selection of a 2 x 2 factorial design was based on its adaptability
in evaluating the individual and interactive effects of both variables, thus offering a deeper
understanding of the interaction between educational technology and students’ psychological
factors in improving their conceptual understanding (Adamson H. & Prion, 2020; Rajagukguk et
al,, 2025). Many previous studies have shown that interactive simulations, such as PhET, can
promote more comprehensive learning. In contrast, students’ learning motivation is an
important determinant in shaping their level of engagement and understanding of scientific
content.

The study was conducted at SMAN 1 Pagai Selatan during the odd semester of the
2025/2026 academic year. The study population included all 10th-grade students, while the
study sample was derived through a purposive sampling method, taking into account
equivalence in academic proficiency and class characteristics (Ann Udeh, 2025; Sequeira, 2024).
The study sample consisted of two distinct groups: an experimental cohort that was subjected to
instruction using PhET Chemistry Simulation media and a control cohort that received
traditional instructional methods. Quasi-experimental designs that combine purposive sampling
and control groups, as evidenced in previous educational research, have demonstrated efficacy
in assessing the impact of instructional interventions on student learning outcomes (Akbar et al.,
2022; Triandika et al., 2023; Oh & Ahn, 2025). The factorial design of the research can be seen in
the following table.

Table 1. 2x2 Factorial Design of the Research

Motivation to Learn Learning Using PhET Chemistry Simulations = Conventional Learning

(A1) (Az2)
High (B1) A1B1 A2B1
Low (B2) A1B; AzB;

Explanation:
A1 = Learning using PhET Chemistry Simulations
Az = Conventional learning
B1 = High learning motivation
B2 = Low learning motivation

The independent variables identified in this study include students’ utilization of
educational media and their intrinsic motivation to learn. In contrast, the dependent variable is
students’ understanding of the molecular structure of matter in chemistry. The pedagogical
approach uses PhET Chemistry Simulations through interactive exploration activities that help
students visualize electron pair configurations, molecular geometry, and changes in molecular
structure. In contrast, traditional teaching methods are implemented through a lecture-based
approach using textbooks, supplemented by discussions and assignments. The integration of
PhET educational media is demonstrated not only at the conceptual level but also empirically
validated as effective in the field of chemistry education (Penn & Ramnarain, 2019; Sailema-
Castro et al., 2025).

Data were collected through the use of a chemistry conceptual understanding assessment

and a questionnaire related to learning motivation. The chemistry conceptual understanding
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assessment was carefully designed based on indicators that measure the ability to understand
the concept of molecular geometry, determine the arrangement of electron pairs, analyze
molecular configurations according to VSEPR theory, and correlate molecular shape with the
properties of chemical compounds. The Learning Motivation Questionnaire used a Likert scale
that included indicators reflecting students’ interest in learning, level of attention, persistence,
curiosity, and perseverance in chemistry studies. Prior to implementation, all research
instruments underwent rigorous testing for validity and reliability to ensure their efficacy (Lia
etal, 2020; Setyorini et al,, 2021).

The investigation began with a pretest for the experimental and control groups to assess
the participants’ initial competencies. Afterward, the experimental group received instruction
through the use of PhET Chemistry Simulation, while the control group experienced traditional
pedagogical methods (Ibrahim et al., 2025; Rizki et al., 2025). After the end of the instructional
period, a posttest was administered to both groups to evaluate students’ understanding of
chemistry concepts after the intervention. Simultaneously, a learning motivation questionnaire
was distributed to classify students into categories reflecting high and low levels of learning
motivation. The research phase was conducted methodically, as illustrated in the following table.

Table 2. Stages of Research Implementation
Research Stage Research Activities
Preparation Preparation of learning tools, preparation of research instruments, instrument
validation, and determination of research samples.
Implementation Providing pretests, implementing learning using PhET Chemistry Simulations in
the experimental class and conventional learning in the control class.
Final Stage Administration of posttests, distribution of learning motivation questionnaires,
data processing, and analysis of research results.

The research data were subjected to analysis through the application of descriptive and
inferential statistical methodologies. Descriptive statistics serve to explain the mean value,
standard deviation, and maximum and minimum scores related to student learning outcomes.
Prior to the implementation of hypothesis testing, the data underwent an initial assessment
involving normality testing and homogeneity testing to meet the prerequisites for parametric
analysis. Hypothesis testing was conducted using a two-way analysis of variance (Two-Way
ANOVA) at a significance threshold of 0.05, which aims to ascertain the effect of PhET Chemistry
Simulation media utilization, the impact of learning motivation, and the interaction between
PhET Chemistry Simulation media utilization and learning motivation on chemistry conceptual
understanding among high school students.

RESULT AND DISCUSSION
Result

This section describes the findings obtained from examining the impact of PhET Chemistry
Simulation and the construct of learning motivation on students’ understanding of chemistry,
where the investigation included two main cohorts: an experimental group engaged with PhET
Chemistry Simulation and a control group following traditional pedagogical methods, with both
groups stratified according to their respective levels of learning motivation. A comprehensive
series of descriptive and statistical analyses, including assessment of pretest and posttest scores,
normality evaluation, and homogeneity tests, are presented to provide a nuanced understanding
of the differences in understanding achieved by these groups, corroborating previous research
showing PhET Interactive Simulation facilitates dynamic access to different levels of conceptual
representation and enhances the learning of chemical concepts, thus fostering better conceptual
understanding in contrast to conventional teaching methods. PhET has been recognized as an
instrument that promotes active engagement among students through interactive visualization
and exploration of abstract concepts, which has been empirically linked to variations in
educational outcomes in the context of pre-post-test quasi-experimental designs across various
studies (Moore et al., 2014; Liswar et al., 2023).
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Description of Student Learning Outcomes Statistics
The following table shows the distribution of mean pretest and posttest scores based on the
learning media treatment and student learning motivation.

Table 3. Statistics of Student Learning Outcomes

Group Instructional Media Motivation to Learn Pretest Posttest Improvement
A1B1 PhET Chemistry Simulations High 26,22 85,11 58,89
A1B> PhET Chemistry Simulations Low 24,00 64,33 40,33
A;B1 Conventional High 27,25 79,25 52,00
A;B; Conventional Low 20,86 56,57 35,71

The group taught using PhET Chemistry Simulations (A1), including both high- and low-
motivation students, demonstrated greater improvements in chemistry conceptual
understanding compared to students receiving conventional instruction (Az). The highest
improvement was observed in the PhET group with high learning motivation (58.89), followed
by the PhET group with low motivation (40.33). In comparison, students in the conventional
learning groups showed lower gains, with improvements of 52.00 for highly motivated students
and 35.71 for low-motivation students. These findings indicate that interactive simulation-based
learning provides additional support for conceptual development across different motivational
levels. The descriptive results are consistent with previous quasi-experimental studies showing
that PhET simulations enhance students’ conceptual understanding through interactive
visualization of abstract chemical phenomena (Harahap et al., 2025; Tanzillal et al., 2026).

Comparison of Average Learning Outcomes Based on Learning Media
To see the differences in learning outcomes based on learning media, the following is a summary
of the overall average.

Table 4. Posttest Average Based on Learning Media

Instructional Media Number of Students Posttest Average Standard Deviation
PhET Chemistry 30 76,80 12,93
Simulations (A1)

Conventional (A;) 30 68,67 13,82

The data presented in Table 4 indicate that students taught using PhET Chemistry
Simulations (A1) achieved a higher posttest average score (M = 76.80, SD = 12.93) compared to
those receiving conventional instruction (Az2) (M = 68.67, SD = 13.82). The mean difference of
8.13 points suggests that simulation-based learning provided greater support for students’
conceptual understanding of chemistry content. This finding indicates that interactive digital
simulations can facilitate more effective learning experiences than traditional instructional
approaches.

Statistical Description of Pretest and Posttest of Students' chemistry conceptual
understanding

The following is descriptive data regarding the distribution of pretest and posttest scores, which
provides a more detailed picture of the variation in learning outcomes in each group.

Table 5. Results of Pretest and Posttest of Students' Chemistry Conceptual Understanding

Group Pretest Posttest X max X min SD
Average Average
PhET (High Motivation) 26,22 85,11 100 72 8,09
PhET (Low Motivation) 24,00 64,33 76 56 7,52
Conventional (High Motivation) 27,25 79,25 92 68 9,47
Conventional (Low Motivation) 20,86 56,57 72 48 8,13

The results presented in Table 5 indicate an increase in students’ chemistry conceptual
understanding across all experimental groups from pretest to posttest. The PhET group with
high learning motivation achieved the highest posttest average score (85.11), followed by the
conventional group with high motivation (79.25). Students with low learning motivation also
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demonstrated improvement, with posttest averages of 64.33 in the PhET group and 56.57 in the
conventional group. These findings suggest that both instructional media and learning
motivation contributed to improved learning outcomes, with PhET-based instruction
consistently producing higher achievement across motivational levels. This pattern is consistent
with previous studies reporting that interactive simulations enhance conceptual understanding
through visualization of abstract chemical phenomena and promote active student engagement
(Melvin C. Eleo & Ylcy B. Manguilimotan, 2024; Sakona et al.,, 2024).

Normality Test

To ensure that the pretest and posttest data were normally distributed, a Kolmogorov-Smirnov
test was performed. The results showed that all groups were normally distributed, which
supports the use of the ANOVA test for further analysis.

Tabel 6. Normality Test

Group Pretest Posttest
A1B;1 (High Motivation, PhET) 0,057 0,316
A1B; (Low Motivation, PhET) 0,125 0,104
A;B1 (High Motivation, Conventional) 0,087 0,317
A;B; (Low Motivation, Conventional) 0,082 0,094

A significance value greater than 0.05 in all groups indicates that the data are normally
distributed. Therefore, a two-way ANOVA test can be applied to test for differences between
groups, ensuring the validity of further analysis.

Homogeneity Test

A homogeneity test was conducted to ensure that the variance between groups was uniform.
Based on the results of the Levene test, a significance value greater than 0.05 indicates that the
variance between groups was homogeneous.

Tabel 7. Homogeneity Test

Variable Sig. Value Explanation
Pretest 0,911 Homogeneous
Posttest 0,526 Homogeneous

A homogeneity test using Levene’s test was conducted to examine the equality of variance
across groups. As shown in Table 7, the significance values for both the pretest (Pretest = 0.911)
and posttest (Posttest = 0.526) were greater than 0.05, indicating that the assumption of
homogeneity of variance was satisfied. Therefore, the data met the prerequisite for further
analysis using a two-way ANOVA.

Two-Way ANOVA Test Results

Hypothesis testing was conducted using two-way ANOVA to determine the effect of learning
media, learning motivation, and the interaction between the two on students' understanding of
chemistry.

Table 8. Two-Way ANOVA Test Results

Source of Variation F count Sig. Explanation
Instructional Media 11,091 0,002 Significant
Motivation to Learn 112,853 0,000 Significant
Instructional Media x Motivation 0,216 0,644 Not Significant

The two-way ANOVA results revealed that instructional media significantly affected
students’ chemistry conceptual understanding. Learning motivation also showed a significant
effect on students’ chemistry conceptual understanding. However, the interaction between
instructional media and learning motivation was not statistically significant, indicating that the
effect of instructional media on chemistry conceptual understanding did not depend on students’
level of learning motivation.
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Figure 1. Percentage of Effectiveness of Learning Outcome Improvement

The figure above shows that the highest effectiveness was found in the PhET group with
high motivation, which indicates that the integration of interactive media with students' intrinsic
motivation provides the most optimal learning outcomes.

Discussion

The findings of the study indicate that the implementation of PhET Chemistry Simulations had a
significant effect on improving students’ understanding of molecular shape concepts. The group
of highly motivated students using PhET achieved the highest improvement of 58.89 points,
while students with low motivation showed an improvement of 40.33 points. In comparison,
students taught using conventional learning showed improvements of 52.00 points for highly
motivated students and 35.71 points for low-motivation students. These findings demonstrate
that PhET-based learning consistently provides better conceptual gains than conventional
instruction across different motivational levels (Riku, 2024; Rogie B. Escuadro, 2024).

The results indicate that the interactive visualizations offered by PhET facilitate a more
concrete understanding of abstract chemical concepts among students. Materials related to
molecular shape require advanced spatial visualization skills because students must understand
the arrangement of electron pairs, the geometric configuration of molecules, and the correlation
between molecular structure and its chemical attributes (Dwiningsih et al., 2022; Pratama et al,,
2025). In traditional educational paradigms, such concepts are often represented through static
illustrations on the board or in textbooks, which reduces students’ capacity to build mental
models effectively. In contrast, PhET simulations empower students to directly manipulate
molecular models, observe changes in electron configuration, and dynamically integrate
symbolic representations with three-dimensional visualizations.

This phenomenon aligns with the Cognitive Theory of Multimedia Learning, which states
that the synthesis of verbal and visual stimuli can enhance the development of conceptual
knowledge through more effective cognitive processing (Abdinejad et al, 2021). From a
statistical perspective, the two-way ANOVA results demonstrated that instructional media
significantly influenced students’ chemistry conceptual understanding (F = 11.091; p < 0.05).
Learning motivation also showed a highly significant effect (F = 112.853; p < 0.05). However, no
statistically significant interaction was found between instructional media and learning
motivation (F = 0.216; p > 0.05). This indicates that the effectiveness of PhET Chemistry
Simulations remained consistent regardless of students’ motivational levels. These findings
corroborate previous studies confirming that interactive simulations enhance conceptual
understanding through virtual exploration and dynamic visualization of abstract chemical
representations. Interactive simulations strengthen students’ connections between
macroscopic, submicroscopic, and symbolic representations, thereby reducing misconceptions
and supporting deeper conceptual learning (Suryani et al. 2026).

In addition to teaching methods, the construct of learning motivation has also been shown
to have a significant impact on students’ understanding of chemistry (F = 9.821; p < 0.05).
Students who exhibited increased levels of learning motivation achieved superior results
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compared to their peers with reduced motivation in both educational intervention modalities.
These findings imply that motivation serves as an intrinsic catalyst that drives students’
participation in cognitive endeavors throughout the learning process. Students characterized by
high levels of motivation tend to engage more thoroughly with simulation features, experiment
with diverse molecular configurations, and conduct conceptual analyses of the results obtained
from their virtual observations (Ikhsan et al., 2022; Lahlali et al., 2023).

These empirical observations lend credence to Self-Determination Theory, which posits
that intrinsic motivation significantly enhances the quality of learning engagement through the
mechanisms of curiosity, interest, and the drive for self-exploration. In the experimental cohort,
students exhibiting high levels of motivation fully utilized the simulation to foster deeper
conceptual understanding. They engaged not only in passive reception of information but also
deeply engaged in the process of explaining concepts through the manipulation of variables and
the resulting observation of the simulation. This particular scenario culminated in a clearer
increase in understanding compared to the other cohorts (Jere & Mpeta, 2024; Ndagijimana et
al,, 2025).

However, the findings of the study also indicated that learners exhibiting low levels of
motivation still achieved significant gains from utilizing PhET. The 39.67% increase in this
demographic suggests that simulation media is effective in facilitating sustained engagement in
the learning process, despite their relatively reduced levels of intrinsic motivation. This
phenomenon may be explained by the attributes of PhET, which presents educational content in
a captivating, interactive, and exploratory framework that has the potential to spark students’
curiosity. Consequently, interactive digital media can serve as an external catalyst that helps
increase students’ attention and engagement throughout the educational experience (Ma et al.,
2024).

These findings carry important pedagogical implications for chemistry education,
particularly in supporting students who demonstrate lower intrinsic motivation. The results
suggest that interactive simulation-based learning environments can function as inclusive
instructional tools capable of reducing learning barriers associated with abstract chemistry
concepts. Therefore, chemistry teachers are encouraged to integrate PhET simulations not only
for academically advanced students but also for learners who require additional engagement and
conceptual support during instruction.

In addition, the findings provide several recommendations for future researchers.
Subsequent studies may investigate the long-term effects of PhET-based instruction on
conceptual retention, critical thinking skills, and scientific reasoning across different chemistry
topics. Future research could also involve larger sample sizes, diverse educational settings, and
mixed-method approaches to obtain deeper insights into students’ cognitive and motivational
responses during simulation-based learning. Furthermore, examining additional moderating
variables such as self-efficacy, digital literacy, and collaborative learning interaction may
contribute to a more comprehensive understanding of how interactive simulations influence
chemistry learning outcomes.

CONCLUSION

Based on the findings obtained from the analysis, the implementation of PhET
Chemistry Simulation has been shown to produce significantly greater improvements
in chemistry conceptual understanding compared to conventional learning. The average
improvement among students in the highly motivated experimental group reached
58.89 points, while the conventional group reached 52.00 points. Similarly, among
students with low motivation, the experimental group achieved an improvement of 40.33
points, compared to 35.71 points in the conventional group. Furthermore, the overall mean post-
test score of students engaged with PhET (76.80) was higher than that of conventional learning
(68.67), corroborated by the results of the ANOVA test, which showed significant effects of both
instructional media (F = 11.091; p < 0.05) and learning motivation (F = 112.853; p < 0.05) on
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students’ understanding of chemistry.

Notably, the analysis also revealed no significant interaction between instructional media
and learning motivation (F = 0.216; p > 0.05), indicating that the effectiveness of PhET Chemistry
Simulations remained relatively stable across different motivational levels. This was evidenced
by the sustained improvement among low-motivation students, which reached 40.33 points.
These findings confirm that PhET functions as an adaptive instructional medium capable of
promoting inclusive, exploratory, and technology-enhanced chemistry learning in 21st-century
education.
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