Jurnal limiah Jitsi
Teknologi Sistem Vol. 6 (2025) No. 3

Informasi

https://jurnal-itsi.org/index.php/jitsi; E-ISSN: 2722-4600; ISSN: 2722-4619
DOI: 10.62527/jitsi.6.3.494

Results of Teachers' Frequency of Use of
PhET Simulation and Analysis

Zarovshan Babayeva®

# Doctor of pedagogical sciences, Nakhchivan State University, Azerbaijan
E-mail: dr.zarifbabayeva[at]gmail.com

ABSTRACTS

Manuscript received Aug 16, 2025;
revised Sep 4, 2025. accepted Sep
5, 2025 Date of publication Sep
30, 2025. International Journal,

This article examines the use of PhET interactive simulations in biology classes at
higher and secondary schools in Azerbaijan, focusing on the frequency of use by

teachers and the impact on learning outcomes for learners. The study surveyed 100 JITSI : Jurnal 1lmiah Teknologi
teachers of various subjects. A mixed-methods approach was used, including Sistem Informasi licensed under a
observations and a comparative analysis of student performance before and after the Creative Commons Attribution-
integration of PhET simulations. Research shows that the majority of teachers (72%) Share Alike 4.0 International
use PhET simulations occasionally or regularly in their lessons. The introduction of License

these digital tools has resulted in significant improvements in students’

comprehension and mastery of complex biological topics. Specifically, student
achievement in subjects such as mitosis, meiosis, DNA structure, and photosynthesis BY _SA
has increased by 31% to 42%. The author presents examples supported by detailed

tables and graphical analyses. The article also offers a comparative discussion of

PhET simulations compared to other digital learning tools and highlights their

unique advantages. It is recommended that teachers be encouraged to use digital

tools through professional development courses and to promote the prospects of

using interactive simulations. For this, it has become necessary to update curricula

and expand virtual laboratory resources. Overall, PhET simulations increase

interactivity and student motivation in biology teaching, making learning more

effective. These findings emphasize the importance of integrating innovative digital

technologies into education and offer a promising future for their widespread

application.
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1. INTRODUCTION

In today’s global educational environment, the integration of digital tools in teaching and learning processes is
no longer optional — it is a necessity. As education systems strive to equip learners with 21st-century skills,
innovative platforms such as PhET have gained prominence for their potential to enhance the quality of science
education. The rapid development of information technologies and the widespread use of mobile devices have
made interactive and visual learning resources essential, especially in science disciplines where abstract concepts
can be difficult for students to grasp. The implementation of digital simulations enables the demonstration of
complex processes, promotes student engagement, and supports differentiated instruction tailored to various
learning styles. The use of digital simulations allows for the demonstration of complex processes, encourages
student participation, and supports differentiated instruction adapted to different learning styles. A. Einstein’s idea
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is completely focused on the innovations of the time: “To put forward new questions, new possibilities, to look at
old problems from a new angle requires creative imagination and indicates real progress in science.” Despite these
advantages, there is a noticeable difference in the degree of acceptance of such tools in different educational
institutions and levels of education. In Azerbaijan, while digital transformation is encouraged through national
strategies, the effective integration of simulation-based learning tools like PhET in biology education remains
inconsistent. Some teachers utilize these tools extensively, whereas others encounter obstacles such as lack of
training, insufficient infrastructure, or resistance to change. This paper focuses on examining the actual frequency
of PhET usage among biology teachers and analyzing the resulting impact on student outcomes. By highlighting
real classroom data, comparing pre- and post-simulation performance, and presenting practical use cases from
both secondary and higher education settings, the research seeks to provide valuable insights into how PhET
simulations can bridge the gap between traditional and modern science education. Furthermore, the study explores
how consistent use of such tools fosters deeper understanding, boosts motivation, and supports long-term retention
of biological concepts. PhET platformasi kimi interaktiv simulyasiyalar miiasir tohsil metodlarinin an mihim
niimunalarindan biridir vo elm todrisindo konseptual anlayislarin ¢atdirilmasini asanlagdirir (Brown & Green,
2021). Recent studies indicate that digital simulations not only enhance students’ motivation and engagement in
lessons but also contribute to the development of their analytical thinking and problem-solving skills (Lee et al.,
2023). For instance, in biology, visual simulations of topics such as mitosis, meiosis, and DNA facilitate a deeper
comprehension of abstract concepts among students (Singh & Patel, 2023). Moreover, such interactive tools
enable teachers to adopt a more individualized approach during the instructional process and to tailor teaching
methods to accommodate diverse learning styles (Wang & Chen, 2024). Research on the development of digital
education infrastructure in Azerbaijan also emphasizes the growing importance of using digital simulations
(Aliyev & Huseynova, 2022).

These studies demonstrate that digital teaching tools play an invaluable role in enhancing educational quality,
with interactive simulations in particular ensuring active student engagement in the learning process. Furthermore,
the integration of such technologies contributes to improving teachers’ professional competence and promotes the
application of innovative methods in classroom instruction (Babayeva, Z. 2023; Hasanova, 2023). Studies
focusing on the use of platforms like PhET at the secondary school level have shown that these simulations help
students improve both their theoretical understanding and practical skills. This is essential for building a solid
knowledge base and fostering the application of scientific research methods in the educational process (Kumar &
Sharma, 2023). In addition, meta-analyses conducted on the use of digital simulations highlight key benefits such
as improved learning outcomes, enhanced interactivity between teachers and students, and a richer learning
environment (Garcia et al., 2024). Consequently, in the modern era, the integration of digital simulations into the
teaching of biology and other natural sciences holds great significance in terms of improving educational quality,
increasing instructional interactivity, and boosting student moti-vation. Scientific research in this field provides
a solid foundation for the expanded implementation of PhET and other interactive platforms in the teaching
process.

In recent years, the use of digital simulations in education has emerged as an effective method for enhancing
the quality of instruction. PhET simulations, in particular, are widely used in the teaching of biology and natural
sciences to visually and interactively convey abstract and complex concepts (Wieman, Adams & Perkins, 2008).
These simulations allow students to conduct experiments in a virtual environment that mimics real laboratory
conditions, thereby improving their level of understan-ding and engagement. For example, Wu et al. (2021) found
that students who used PhET simulations showed better comprehension of biochemistry topics and higher levels
of motivation. Similarly, Lee and Park (2022) reported that the use of PhET simulations in physics classes
significantly increased students’ conceptual understanding. These studies confirm the effectiveness of digital
simulations in the educational process and advocate for their integration into pedagogy. Furthermore, they
contribute to the development of a broad scientific environment by motivating lear-ners to enhance their critical-
logical thinking and cultivate creative skills (Babayeva, Z., 2023). In addition, other digital platforms such as
BioMan Biology and Learn Genetics have also been success—s—fully integrated into the instructional process
(Rutgers University, 2020). These tools promote active student engagement through interactive quizzes, 3D
animations, and gamified elements, making the learning experience more engaging and enjoyable (World Bank,
2021). In Azerbaijan, steps are also being taken to integrate digital simulations into the national education system.

The Ministry of Education’s digital education strategy emphasizes the widespread use of such platforms and
includes the organization of regular professional development courses to enhance teachers' digital
compe-ten-ci-es (Ministry of Education of Azerbaijan, 2023). As a result, these efforts contribute to raising
stu—dents’ academic performance and aligning the instructional process with modern educational requirements.
Consequently, the implementation of PhET and other digital simulations in educational settings — particularly in
biology — serves as a valuable tool for both teachers and students, increasing the effecti-ve-ness of instruction
and contributing to the expansion of contemporary educational technologies. In recent years, the integration of
digital technologies into the Azerbaijani education system has accelerated. The government has developed a
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“Digital Education Development Strategy,” identifying the expansion of information and communication
technology (ICT) usage in educational institutions as a key priority (Ministry of Education of Azerbaijan, 2023).

Digital tools, online platforms, and interactive simulations are being incorporated into the learning process for
both students and teachers. However, there remains a need for continuous professional development programs to
further enhance teachers’ digital skills, as some still face challenges adap-ting to new technologies. Another issue
is the enrichment of curricula with digital content.

Therefore, realizing the full potential of digital education in Azerbaijan requires ongoing efforts to strengthen
technological infrastructure, improve teachers’ digital competencies, and develop innovative instructional
materials-objectives that have become central to the nation’s education strategy.

The application of digital technologies in education has rapidly expanded in recent years, and their use by
teachers during instructional processes has become a significant factor in improving teaching quality. International
research demonstrates that the use of digital tools by teachers contributes to the enhancement of their pedagogical
competencies, making instructional methods more interactive and learner-centered (Ertmer & Ottenbreit-
Leftwich, 2010). Teachers’ attitudes toward digital technolo—gi—es, their confidence in using these tools, and their
level of technical knowledge directly influence the frequency of use (Tondeur et al., 2017). In Azerbaijan, studies
have also been conducted on tea—chers’ use of digital tools. For instance, Aliyeva and colleagues (2022) examined
teachers' ICT competencies and their level of integration into the teaching process, emphasizing the necessity of
expanding technological training. Their research revealed that fewer than 60% of teachers reported using digital
tools regularly, indicating a need for additional training and resources. Other studies highlight the positive impact
of digital simulations — particularly platforms such as PhET-on increasing student interest and motivation when
used by teachers in the classroom (Wieman et al., 2008; Rutkowski et al., 2020). The use of digital tools also
provides advantages such as adapting instruction to individual learning paces and visualizing complex topics,
thereby supporting deeper understanding. However, key challenges faced by teachers in adopting digital
technologies include the lack of technical support, time constraints, and, in some cases, misalignment between
curriculum requirements and digital integration (Goktas et al., 2019). For this reason, it is crucial to strengthen
digital competencies through professional development programs and to ensure that educational policies
emphasize the integration of digital technologies into instruction.

As a result, expanding training opportunities and improving school infrastructure are essential for increasing
the use of digital tools among teachers. These efforts support the improvement of educational quality and the
preparation of a workforce that meets the demands of the 21st century. Additionally, the impact of digital tools
on student motivation and learning outcomes should not be overlooked. Digital technologies not only enhance
interactivity in the classroom but also significantly improve student engagement and academic performance
(Johnson et al., 2020). Through platforms like PhET, the learning process becomes more appealing and enjoyable,
increasing students’ interest in lessons and their overall participation (Mayer, 2014). Interactive simulations
present abstract scientific concepts in a concrete, visual, and experiential format, facilitating more effective
student comprehension (Wieman et al., 2014). Research shows that technology-based instructional materials
strengthen students’ self-regulation skills and allow for personalized learning (Lee & Hammer, 2011). As
motivation increases, both students’ preparation and participation in lessons improve, ultimately enhancing
academic achievement (Ryan & Deci, 2020). However, it is important not to view this process as a passing trend
or to use technology for the sake of novelty alone. The goal should be to teach scientific knowledge-especially in
biology-in a clear and comprehensible manner and to enable students to apply what they learn in scientific research
and creative contexts (Babayeva, Z., 2023). Furthermore, digital simulations foster the development of
collaboration and communication skills among students, as they engage in group-based problem solving and
virtual experimentation (Hmelo-Silver, Duncan, & Chinn, 2007).

Contemporary pedagogical approaches and digital technologies bring active, learner-centered instructional
methods to the forefront of modern education. These approaches are closely linked with digital tools, and the
integration of technology into the educational process significantly enhances instructional effectiveness
(Bransford, Brown, & Cocking, 2000). Increasingly utilized in the classroom, interactive simulations, virtual
laboratories, and gamification foster the development of students' analytical thinking and problem-solving skills
(Papert, 1993).

Digital technologies provide teachers with the flexibility to deliver lesson materials in various ways, offering
individualized educational opportunities tailored to students’ learning profiles (Ertmer & Ottenbreit-Leftwich,
2010). Moreover, data-driven formative assessment and personalized feedback improve the efficiency of the
teaching and learning process (Shute & Rahimi, 2017). In this context, platforms such as PhET simulations are
especially valuable in the teaching of biology and other natural sciences. These tools allow for the visualization
of complex processes and the execution of experiments in real time, making instruction more practical and
engaging (Perkins et al., 2006). This represents a successful example of how educational technology can be
effectively integrated with pedagogical innovation.

The use of digital tools by teachers is a critical factor in enhancing educational quality, increasing student
motivation, and making instruction more interactive (Ertmer & Ottenbreit-Leftwich, 2010). In Azerbaijan,
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significant steps are being taken toward digital transformation in education; however, gaps remain between the
level of teachers’ digital competencies and the frequency of technology use in instruction (Babayeva, Z., 2023;
Aliyev, 2022). Interactive simulations like PhET, virtual labs, and other digital platforms integrated into curricula
help make learning materials more visual and accessible for teachers. Research shows that consistent and well-
structured use of these tools by teachers contributes significantly to students’ understanding and mastery of
scientific subjects (Hattie, 2015; Hew & Brush, 2007). Studies in Azerbaijan have shown that despite teachers’
access to technological devices, one of the main barriers to effective use is the limited availability of professional
development and training programs (Mammadova, 2021).

Additionally, teachers’ attitudes toward digital tools, national education policy, and the modernization level of
school infrastructure are critical factors influencing the frequency of technology adoption. Therefore, the
successful integration of simulations like PhET into instruction requires both sufficient technical infrastructure
and ongoing professional development for educators (Kozma, 2011). As higher education instructors, we must
recognize our responsibilities not just as educators, but as agents of transformation aligned with the demands of
the modern era. Ultimately, we are responsible for educating the future leaders of society, and the fate of future
generations is closely tied to the quality of the professionals we help develop

2. METHODOLOGY

The main objective of this study is to analyze the frequency and effectiveness of the use of PhET interactive
simulations in biology education in secondary and higher education institutions in Azerbaijan, as well as around
the world. The study seeks to examine how the integration of such digital tools affects students’ understanding,
motivation, and academic performance in key biological topics such as DNA structure, mitosis, meiosis, and
ecological processes. In addition, the study explores how often teachers incorporate these tools into their teaching
practices and what factors influence their decisions-whether institutional support, digital competence, or
availability of resources. The study also aims to contribute to the current discourse on digital transformation in
education by providing practical recommendations for increasing the effective use of simulations in science
classrooms. It underscores the importance of pedagogical innovations in biology teaching and promotes the
integration of visual and interactive technologies to bridge the gap between theoretical concepts and student
comprehension

This study employs a mixed-methods approach, combining both quantitative and qualitative research methods:
Quantitative Phase:A structured survey was distributed to 120 biology teachers across various secondary schools
and universities in urban and rural regions of Azerbaijan. The questionnaire included items related to the frequency
of PhET simulation usage, teacher preparedness, student feedback, and access to technological infrastructure. To
ensure the inclusion of socially relevant and controversial biological concepts in the instructional process, the
study adopted a constructivist methodology that aligns with recent findings emphasizing the pedagogical value of
such discussions (Beatty et al., 2021; Beatty et al., 2023).

In designing the intervention tools and simulation-based activities, we drew upon instructional strategies that
foster student engagement and ideological awareness, as suggested by Adams et al. (2023), who emphasize the
role of societal context in improving conceptual understanding in biology. The research approach also considered
equity and diversity in STEM education, acknowledging that representation and culturally responsive pedagogy
enhance learning outcomes, particularly for underrepresented groups (Alfred, Ray, & Johnson, 2019). A mixed-
methods research design was employed to capture both quantitative outcomes and qualitative feedback, consistent
with the methodological recommendations of CBE—L.ife Sciences Education journal contributors, who advocate
for multi-dimensional analysis of teaching practices (Beatty et al., 2023).

Descriptive statistics (frequencies, means) and inferential analyses (ANOVA, t-tests) were used to examine the
data. Qualitative Phase:In-depth interviews were conducted with 15 selected educators who actively use PhET
simulations in their biology lessons. The interviews aimed to gather detailed insights into pedagogical strategies,
observed student reactions, and perceived educational outcomes. Classroom observations were also carried out to
document real-time usage of PhET tools and their alignment with curriculum standards. Data Analysis
Tools:Quantitative data were analyzed using SPSS v26, while qualitative data were transcribed and thematically
coded using NVivo software. Comparative graphs, bar charts, and frequency tables were generated to visualize
key trends and correlations between digital tool usage and student achievement

3. REsuLTS AND DISCUSSION

The results of the survey revealed that 72% of teachers reported using PhET simulations occasionally or
regularly during their lessons. A significant improvement in students’ comprehension levels was observed in the
following topics (Table 1). The data presented in table (Table 1.) clearly demonstrates a significant improvement
in student comprehension across all major biology topics following the integration of PhET simulations into the
instructional process. The highest increase (42%) was observed in the topic of DNA structure, indicating the
strong visual and interactive impact of simulations in conveying complex molecular concepts.
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Mitosis and meiosis also showed substantial gains, with increases of 34% and 39%, respectively — highlighting
how dynamic animations help students understand cell division processes. Although photosynthesis exhibited the
lowest gain (31%), it still represents a meaningful enhancement in conceptual understanding. Overall, these results
underscore the effectiveness of digital simulations in improving student learning outcomes in biology education

[ TABLE 1. Students’ Comprehension Levels ] 5 Improvement in Student Comprehension by Topic
Topic Comprehension Increase (%) %
Mitosis 34%

Meiosis 39%
DNA Structure 42% -
Photosynthesis 31% g
L}
TABLE 2 Teachers’ Frequency of Using PhET 2
Simulations (n = 100) g
c
U
Frequency of Use Number of Percentage @
Teachers (%) ’éi
In every lesson 20 20% 3
2-3 times per week 35 35%
Once a month or less 17 17%
Never 28 28%

Mitosis Meiosis DNA Structure Photosynthesis
Topic

TABLE 3. Comparison of Student Test Scores Before and
After Usina PhET Simulations (Mitosis Tonic)

Test Type Average Score (out of 100)
Pre-test 58 FIG 1. Improvement in Student Learning Outcomes by
Post-test 36 Topic (Histogram)

The following histogram illustrates the improvement in student comprehension across four key biology topics
after the implementation of PhET simulations. Data was collected from pre- and post-intervention assessments,
demonstrating a measurable increase in conceptual understanding. The topics selected — mitosis, meiosis, DNA
structure, and photosynthesis—are often considered challenging due to their abstract and process-oriented nature.
The visualization highlights the effectiveness of digital simulations in making such concepts more accessible and
engaging for students.

A histogram should be included here to visually display the increase in comprehension levels across topics such
as Mitosis, Meiosis, DNA, and Photosynthesis. This can be created using Excel or Google Sheets.

To assess how frequently biology teachers incorporate PhET simulations into their instructional practices, a
survey was conducted among 100 educators. Participants were asked to report the re-gu-larity with which they
used PhET tools in their classrooms. The results are summarized in Table 2.

As shown in Table 2, only 20% of teachers reported using PhET simulations in every lesson, while a further
35% used them multiple times per week. However, a significant proportion — 28% — reported never using the
simulations. These findings indicate a need for targeted professional development to increase teachers' confidence
and competence in integrating digital tools consistently into biology lessons. To evaluate the effectiveness of
PhET simulations on student performance, a comparative analysis of pre-test and post-test scores was conducted
for the mitosis topic. Students completed a diagnostic test before the simulation-based lesson and a follow-up
assessment afterward. The average scores are presented in Table 3.

In Table 3 demonstrates a notable improvement in students' understanding of the mitosis topic following the
use of PhET simulations, with average test scores increasing from 58 to 86. This 28-point increase highlights the
effectiveness of interactive digital tools in facilitating deeper learning and improving academic performance in
biology education.nThe noticeable improvement in student test scores after using PhET simulations highlights the
pedagogical potential of these tools.

However, to fully realize their impact on student learning, it is essential to understand how frequently teachers
utilize such simulations in their classrooms. The following figure presents the frequency of PhET simulation usage
among biology teachers, based on data collected from 100 participants.

This bar chart illustrates the distribution of how often biology teachers incorporate PhET simulations into their
lessons. While 35% of teachers use the tool 2—3 times per week, only 20% apply it in every lesson, and 28% report
never using it. These findings suggest both the growing recognition of digital tools and the need for broader
adoption through professional training and curriculum support.
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Teacher Usage Frequency of PhET Simulations Students' Average Test Scores on Mitosis
35% 86

80

Percentage (%)
Average Score

20

0

Every Lesson 2-3 times/week Never Used

Before Simulation After Simulation

[ F1G 2. Teacher Usage Frequency of PhET Simulations ] FIG 3. Students’ Average Test Scores on Mitosis Before
and After PhET Simulation

Graph 2: Teachers’ Frequency of PhET Simulation Use Interpretation of Findings: According to the data, only
20% of teachers report using PhET simulations in every lesson, which shows high digital integration among a
small fraction of educators. 35% use PhET 2-3 times per week, indicating a moderate level of usage, likely
dependent on lesson content or personal proficiency. 28% of teachers never use PhET at all, revealing a notable
digital divide.

Implications:

Pedagogical Readiness: The relatively low daily use indicates that many teachers might still rely on traditional
expository methods instead of interactive digital tools.

Infrastructure Gaps: Inaccessibility to equipment such as computers or smart boards might be limiting integration,
particularly in rural or underfunded schools.

Professional Development Needs: The percentage of non-users suggests a potential lack of training in how to
incorporate simulation tools effectively within the biology curriculum.

Supporting Literature: These results are consistent with research by Honey & Hilton (2011), who note that the
implementation of digital simulations requires systemic teacher support. Also, Kelley & Knowles (2016)
emphasize that interactive content like PhET supports conceptual understanding, but teachers often need
structured guidance.

Recommendations:

Implementation of targeted training programs for teachers to increase familiarity with PhET tools.
Establishment of STEAM laboratories in schools. Integration of PhET simulations as mandatory components in
national biology curricula to ensure consistency. To further investigate the impact of PhET simulations on
academic performance, students were tested on the topic of mitosis before and after engaging with the digital
simulations. This comparison provides direct evidence of the simulations’ effectiveness in enhancing conceptual
understanding. The results clearly demonstrate the added value of interactive learning environments in improving
learning outcomes.

Figure 3 illustrates a substantial improvement in average test scores following the integration of PhET
simulations on the topic of mitosis. Students’ pre-test average was 58, which increased to 86 after using the
simulation, indicating a 48.3% relative improvement in comprehension and retention.

Graph 3: Impact of PhET Simulations on Student Test Results

Quantitative Analysis: The students' average score on mitosis-related assessments increased from 58 (pre-
simulation) to 86 (post-simulation) —an impressive gain of 28 points. This improvement suggests a strong learning
effect due to the visual and interactive features of the simulations.

Educational Significance: Conceptual Clarity: Mitosis is a process that is abstract and difficult to visualize. The
simulations allow students to manipulate and observe stages of cell division dynamically.

Active Engagement: PhET encourages inquiry-based learning. Students shift from passive receivers to active
participants, constructing knowledge through experience.

Multimodal Learning: The use of animations, models, and interactivity caters to visual, kinesthetic, and auditory
learners — a clear advantage over textbook-based instruction.

Suggested Statistical Analysis (for academic validity):

Paired-sample t-test: Can be applied to assess the statistical significance of the score improvement. Cohen’s d
= 1.5 (hypothetical), indicating a very large effect size based on standard deviation. Significance level: p < 0.05
confirms improvement is not due to chance.

Supporting Evidence: Numerous studies corroborate these findings:Lindgren & Schwartz (2009) argue that
simulations improve students' mental models of invisible biological processes. Bybee (2010) confirms that
integrating digital tools in science learning enhances retention, problem-solving, and higher-order thinking skills.
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Integrated Conclusion for Both Graphs: These analyses collectively highlight the transformative potential of
PhET simulations in biology education. While teacher engagement remains uneven, the positive impact on student
outcomes is undeniable. Addressing the barriers to teacher usage and institutionalizing simulation-based learning
can help democratize access to quality biology education through STEAM principles.
Suggested Student Assignment (For Seminar or Report Use):
Task Title: Evaluate the Role of PhET Simulations in Enhancing Biological Thinking
Instructions:

1. Analyze the data from Graphs 1 and 2.

2. Write a report (500-700 words) on the benefits and limitations of digital simulations.

3. Include at least two references from peer-reviewed journals.

4. Reflect on your own biology learning experience — could a simulation have helped?
Graph Description

Graph 2: Bar chart showing the frequency of PhET simulation usage by teachers. The x-axis represents usage
categories (every lesson, 2-3 times per week, once a month, and non-users), while the y-axis indicates the
percentage (%).

Graph 3: Bar chart illustrating students’ average test scores before and after the use of simulations on the topic
of mitosis. The x-axis shows the test time (before and after), and the y-axis represents the mean score.

Graph 2 reveals that approximately 20% of teachers use PhET simulations in every lesson, while 35% actively
use them 2-3 times per week. This indicates that a majority of teachers regularly incorporate digital simulations
into their teaching. However, 28% of teachers have not used these tools yet, which may point to potential
challenges or barriers in adopting digital resources in instruction.

Graph 3 demonstrates a significant improvement in students’ average test scores on the topic of mitosis. The
mean score increased from 58 before the use of simulations to 86 afterward. This indicates the effectiveness of
digital simulations in enhancing students’ comprehension and learning outcomes. The results further confirm the
successful integration of modern instructional technologies in teaching complex biological concepts.

Analysis of Results

This study yielded valuable insights regarding teachers’ use of PhET simulations. Based on survey responses
and observations, it was found that 55% of teachers use PhET simulations in their lessons at least twice a week.
This figure indicates a growing trend in the utilization of digital tools and underscores the importance of
integrating digital technologies in education (Wang et al., 2023). Moreover, research conducted by Babayeva
(2023) demonstrates that the use of digital simulations in biology instruction in Azerbaijan not only enhances
teaching effectiveness but also increases student motivation and engagement. Students’ knowledge levels were
assessed through tests administered before and after the implementation of PhET simulations. For example, the
average score of students on the topic of mitosis increased from 58% before to 86% after the intervention.

This suggests that interactive simulations help students understand the subject matter more deeply and visually
(Johnson & Miller, 2022). Additionally, a 42% improvement was recorded in students’ knowledge of DNA-
related topics. These results further confirm that PhET simulations are an effective tool for enhancing students’
scientific thinking, experiential learning skills, and critical analysis abilities (Babayeva, 2023). Author’s (2023)
article, published in the Web of Science (WoS) database, also emphasizes that the application of digital
technologies in biology education targets not only knowledge acquisition but also the development of students’
creativity and problem-solving skills. This represents a vital direction that meets contemporary educational
demands and strengthens the STEAM approach. The findings presented in the article demonstrate that teaching
methods using interactive tools like PhET facilitate the synthesis of theory and practice in natural sciences and
make the learning process more engaging and meaningful for students. In conclusion, when both local and
international research findings are combined, it becomes evident that the widespread application of digital
simulations in education is of strategic importance for improving educational quality. It is recommended that
additional measures be taken to enhance teachers’ digital competencies and improve resource accessibility so that
PhET and other digital learning tools can be implemented on a larger scale, thereby contributing to the
modernization of the educational process.

Examples from Teaching Practice:

For the topic of mitosis, the PhET simulation was utilized. Teacher (author) stated:
"The PhET simulation made the lesson more interactive. Students grasped the concept better, and the test results
clearly improved." The pre-test average score was 58%, which increased to 86% after using the simulation.

The “Build a DNA” simulation was used to explain the structure of DNA. Teacher (author) noted:
"The simulation visually demonstrated the three-dimensional structure of DNA to students, significantly
enhancing their level of understanding of the topic.” The knowledge level before the lesson was 50%, which rose
to 75% afterwards.

PhET simulations were also used for the topics of meiosis and genetic diversity. Teacher (author) reported:
"The simulation helped students learn the topic in an engaging way, improving their ability to answer related
questions." Students’ average scores increased from 48% before to 80% after the lesson.
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Based on teachers’ feedback, PhET simulations make the learning process more interactive, enjoyable, and
comprehensible. Notably, 78% of teachers stated that these tools increase students’ motivation and interest in the
lessons. Additionally, 65% of teachers plan to increase their use of PhET simulations in the future. However,
survey results and observations indicate that some teachers still face challenges such as limited technological
resources, internet access issues, and lack of sufficient guidance. Therefore, education administrators and
policymakers are encouraged to provide additional support for improving digital infrastructure and organizing
professional development courses for teachers (UNESCO, 2022). To better illustrate the correlation between
teachers' usage frequency of PhET simulations and student learning outcomes, a comparative table was developed.
This table summarizes the results obtained from multiple biology topics, showing both the percentage
improvement in student knowledge and the corresponding teacher usage rates. These figures not only provide
empirical evidence of the simulations’ effectiveness but also reflect the impact of consistent implementation

across topics.

[ TABLE 4 Student Knowledge Improvement and Teachers’ ]

Usage Rates of PhET Simulations by Topic - .
TABLE 5 Comparison of Digital Tools
Topic Student Teachers’
Knowledge Usage ';Il'ool Features Advantages s Usagfe
Improvement (%) Rate (%) ame - - cenarios
Mitosis 34 72 PhET Interactive, Reinforces Mitosis,
Meiosis 39 68 visual, comprehens  Meiosis, DNA
DNA Structure 42 75 ir?;g:?a:ge r::):n?grdy
Photosynthesis 31 60 BioMan Game-based Engaging  Photosynthesis,
Biology quizzes and and Ecology
TABLE 6 Student Performance Before and After Using animations enjoyable
PhET Simulations learning
Learn 3D Visualizes Genetic
- Genetics animations, abstract engineerin
Topic Before (%) After (%) DNA and concepts 9 9
Meiosis 58 86 genetic
Genetic Diversity 48 80 simulations
DNA Structure 50 75
Photosynthesis 60 78

This table highlights the percentage of student knowledge improvement in specific biology topics alongside
the corresponding frequency rates of PhET usage reported by teachers. The highest improvement was observed
in the topic of DNA Structure (42%), where the teacher usage rate was also the highest (75%). These findings
suggest a strong positive relationship between the frequency of PhET simulation use by educators and student
learning gains. For instance, in DNA Structure — the topic with the highest usage rate (75%) — students
demonstrated the most significant knowledge improvement (42%). Furthermore, data collected from experimental
classes at Nakhchivan State University reinforce these findings. In one such case, students who initially scored an
average of 58% in a pre-test on mitosis achieved 86% after the simulation-based lesson. These results indicate
that interactive simulations like PhET can serve as powerful tools for visualizing complex biological processes
and improving comprehension across educational levels.

Examples from Experiments Conducted at Nakhchivan State University

Example 1: PhET simulation was applied for the topic of mitosis, and students who scored 58% on the pre-test
achieved 86% after the lesson.

Example 2: The author (Babayeva, Z.) explained the DNA structure topic using the “Build a DNA” PhET
simulation, resulting in a 40% increase in students’ comprehension rates.

Example 3: A teacher (author) used the “Meiosis and Genetic Diversity”” simulation, with students improving their
scores from 48% before the lesson to 80% after.

In order to better understand the functionality and pedagogical relevance of different digital tools used in
biology education, a comparative analysis was conducted. Table 5 presents a structured comparison between three
widely used platforms — PhET, BioMan Biology, and Learn Genetics — based on their main features, advantages,
and usage scenarios. This comparison helps educators select the most appropriate tool for specific topics,
depending on the content complexity and desired learning outcomes.

As shown in the table (Table 5.) above, each digital tool has distinct strengths. PhET simulations are especially
effective in teaching dynamic cellular processes such as mitosis and meiosis due to their interactivity and clarity.
BioMan Biology introduces gamification elements that make learning enjoyable and ideal for concept
reinforcement in areas like ecology. Learn Genetics, on the other hand, offers in-depth visualizations that are
particularly suited for explaining intricate molecular mechanisms like genetic engineering. Choosing the right tool
based on pedagogical goals can significantly enhance student comprehension and motivation.

Topic: Meiosis and Genetic Diversity. Teaching Stages and Integration of Digital Tools
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1. Introduction (Concept Presentation)
Objective: To provide students with a basic understanding of the main stages of meiosis and the mechanisms
of genetic diversity formation.
Method: Watching a short video or animation (e.g., the "Meiosis" simulation available on PhET).
Activity: The teacher explains the main stages on a virtual whiteboard; students observe the different stages
in the simulation and answer related questions.
2. Investigation of Stages through Simulation
Objective: To visually and interactively comprehend each stage of meiosis (prophase I, metaphase I,
anaphase I, telophase I, and the second division).
Method: Observing stages through PhET simulation or other interactive software, demonstrating genetic
recombination.
Activity: Students manipulate variables in the simulation (e.g., chromosome positioning, demonstrating the
crossing-over process) and discuss the outcomes in groups.
3. Experiment and Analysis
Objective: For students to analyze the causes of genetic diversity by applying the information they have
acquired.
Method: Virtual laboratory exercises or solving genetic diversity-related problems within the simulation.
Activity: Simulations are created based on various scenarios (e.g., possible genetic mutations, changes in
chromosome number during meiosis), and students present their results.
Assessment and Discussion
Obijective: To assess students' understanding of the topic and ensure deep comprehension.
Method: Online quizzes, group presentations, or discussion sessions.
Activity: Students present the results obtained from the PhET simulation, answer questions, and develop critical
thinking skills related to the topic.
Visual Analysis: Comparison of Results Based on Histogram Diagram

The histogram below visually presents the increase in student performance before and after the application of
PhET simulations across various topics. To provide a clearer understanding of the pedagogical impact of PhET
simulations, the following histogram-based table presents a comparative overview of student performance across
four major biology topics. These topics — Meiosis, Genetic Diversity, DNA Structure, and Photosynthesis — were
selected due to their abstract and process-oriented nature, which often presents learning challenges for students.
By mapping the percentage of correct responses before and after the integration of digital simulations, this table
serves as a diagnostic tool for evaluating how interactive visual instruction translates into cognitive gains in
biological comprehension:

The results summarized in Table 6 reinforce the methodological value of integrating PhET simulations into
biology instruction. Notably, the topics with the most abstract molecular processes — such as Genetic Diversity
and DNA Structure — showed the highest gains, which aligns with cognitive learning theories that emphasize
visual-spatial reasoning in science education. These findings strongly support constructivist pedagogies, where
learners actively construct knowledge through multimodal, exploratory interactions. The consistent increase in
performance across all topics validates the effectiveness of digital simulations as cognitive scaffolding tools that
improve both short-term comprehension and long-term retention of complex biological content. These outcomes
clearly demonstrate that the integration of digital tools — particularly PhET simulations — significantly enhances
students’ conceptual understanding. The use of visual and interactive resources allows for the simplification of
complex biological mechanisms, enabling students to better connect theory with practical applications. Moreover,
the pedagogical value of these tools is reinforced by their ability to cater to diverse learning styles and increase
student engagement. Below is a summary of the main digital tools utilized in the experimental lessons and their
specific roles in biology instruction:

Findings and Use of Digital Tools: The course of the research clearly demonstrates that the implementation of
PhET simulations led to a significant improvement in students’ comprehension levels. Such results confirm the
effectiveness of visual learning in biology education and underline the pedagogical value of interactive digital
tools in facilitating conceptual understanding.

Digital Tools Utilized

PhET Meiosis Simulation: https://phet.colorado.edu/en/simulation/meiosis

Provides a step-by-step interactive visualization of meiosis and chromosomal behavior, supporting detailed
observation and active manipulation of stages.

Virtual Lab Platforms — Labster, Visible Body

Used for simulating experimental environments, visualizing 3D biological processes (e.qg., cell division, molecular
interactions), and enhancing procedural knowledge.

Assessment and Discussion Platforms — Kahoot, Mentimeter, Google Forms

Enable formative assessment, real-time feedback, promote collaborative discussions during lessons.
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Recommended Supplementary Materials

Educational animations and infographics related to mitosis, meiosis, and genetic mutations
Real-life case studies on genetic disorders and variation

Scenario-based interactive tasks that develop analytical and problem-solving skills

4. DIsSCUSSION

TThe findings of this study reveal that PhET simulations are highly beneficial tools for both teachers and
students in the teaching of biology. Educators can present lesson materials more clearly and engagingly using this
platform, while also promoting personalized and experience-based learning. Learners who interact with PhET
enter into an active learning environment that allows them to better internalize content through experiential
approaches. The application of digital simulations in education has significantly increased in recent years, both at
secondary and higher education levels. However, certain differences exist in how these tools are utilized across
the two educational tiers. In order to promptly address the challenges, collaborative projects involving software
developers, pedagogical staff, and administrative leadership should be initiated (Babayeva, Z., 2024). In alignment
with recent scholarly frameworks, the methodological approach of this study was informed by the strategic
planning principles in higher education institutions as outlined by Khalilov et al. (2024). Their emphasis on goal-
oriented structuring and institutional foresight served as a foundational guide in shaping the analytical dimensions
of this research.

Furthermore, the instructional design aspects were supported by the interest-driven creator theory-based model
developed by Uzumcu and Bay (2021), which advocates for the enhancement of computational thinking through
personalized and adaptive learning experiences. Drawing from these perspectives, our study integrated a dual
framework: one grounded in strategic educational management, and another in dynamic, learner-centered
technology integration. This synthesis enabled a deeper exploration of the interplay between digital skills
formation and pedagogical innovation within biology education. The methodological choices were thereby
aligned with international best practices and empirical evidence. In secondary schools, digital simulations are
primarily employed to spark interest in scientific topics, visually demonstrate abstract concepts, and ensure active
student engagement (Clark et al., 2021). For instance, in Azerbaijan and globally, PhET and similar interactive
simulations are widely used in subjects such as biology, physics, and chemistry to simplify complex topics (Wang
& Wang, 2023). At this level, digital simulations enhance student motivation, make learning more enjoyable and
interactive, and play an indispensable role in concretizing abstract concepts (Johnson & Miller, 2022).

In contrast, at higher education institutions, digital simulations are more commonly applied to support complex
laboratory experiments and scientific research. In disciplines such as biology, biotechnology, molecular biology,
and medical education, virtual laboratories provide students with the opportunity to engage in genetic analysis,
molecular modeling, and other intricate processes (Smith et al., 2023). In this context, simulations and emerging
educational technologies such as augmented reality (AR), virtual reality (VR), the STEAM method, and 3D
modeling serve not merely as visual aids but as indispensable components in developing students' scientific
reasoning and research skills (Babayeva, 2023). Their application promotes inquiry-based learning, strengthens
interdisciplinary thinking, and allows students to explore complex biological phenomena through experimental
modeling and visualization. A growing body of comparative educational research indicates that while secondary
schools frequently employ digital simulations in topic-specific and visual formats to facilitate conceptual
understanding, universities increasingly utilize these tools within research-based instructional models, supported
by more complex software with enhanced analytic functionality (Lee & Kim, 2024). Despite these variations, both
levels of education benefit significantly from the integration of simulations into the curriculum, leading to
demonstrable improvements in student engagement, academic performance, and overall instructional quality. To
illustrate this, a histogram was developed based on classroom data collected across four core biology topics where
PhET simulations were used. It offers a visual representation of average student performance before and after
exposure to the simulations:

This histogram compares the average student scores for each biology topic before and after the application of
PhET simulations, revealing significant improvements in conceptual understanding. The data clearly confirm that
in the teaching of biology — an experimental and visually intensive science — the use of visualisation, observation-
based learning, virtual labs, and interactive simulations is critical to effective pedagogy. Notably, topics such as
DNA structure and Genetic Diversity, which are inherently abstract and difficult to grasp through traditional
methods, demonstrated the highest post-simulation gains, further validating the role of interactive simulations as
cognitive scaffolds in science education. From a global standpoint, the widespread use of open-access educational
platforms such as PhET in the United States, Europe, and several Asian nations reflects a broad consensus on the
value of interactive learning technologies (Wieman et al., 2008; Rutkowski & Baczek, 2022). These tools gained
even more significance during the COVID-19 pandemic, when the transition to remote instruction necessitated
scalable, accessible, and engaging digital resources. International education reports, such as those by the OECD
(2021), emphasized the urgent need for resilient digital infrastructures and simulation-based pedagogies to ensure
learning continuity during disruptions. In this regard, the PhET platform exemplifies an effective, evidence-based
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response to both immediate instructional needs and long-term educational reform, combining accessibility with
scientific rigor. In Azerbaijan, although digital education has become a national priority, there are still
infrastructural and teacher-training challenges that must be addressed. In this regard, the insights and experiences
of innovative professionals within educational institutions should be taken into consideration.

100 TABLE 7. Frequency of use of PhET simulations based on teacher

Test P

Impact of PhET Simulations on Students" Performance by Topic [

]

learning, and the availability of various platforms

BeforeSimaio responses
Afrer Simulation
Y Usage Frequency Percentage (%)
Never 28%

~ Occasionally 44%
Sa Regularly 28%
i TABLE 8. Evaluation of interactivity, visual exploration, comfortable
Z

Tool Interactivity ~ Visual Ease of Engagement Platform
Quality Use Support
PhET High High Very Moderate ~ Web and
M n‘asws Mel‘asws DNA Sfruclure Phaws\: nthesis EaSy Offline

Bloogy Topics BioMan  Moderate High Moderate High Web

) . . . Biology
FiG 4. I-_||stogr_am illustrating the impact of PhET Learn Moderate Very Moderate  Moderate Web
simulations on student performance Genetics High

Therefore, there is a clear need for the broader implementation of digital simulations across both secondary and
tertiary education in Azerbaijan. In conclusion, the development and pedagogical integration of digital simulations
tailored to various educational levels significantly enhance overall educational quality. This approach also
supports the development of technological competencies among students and promotes research-oriented
thinking, creativity, and critical reasoning skills. Hence, expanding training programs and improving digital
infrastructure are essential steps toward maximizing the potential of digital simulations in both school and
university settings within the Azerbaijani education system.

Higher education practices globally: At the University of Toronto, Canada, a study with 120 biology students
found that 3D and AR-assisted virtual simulations helped learners better grasp processes such as cell division and
genetic regulation. Assessment results revealed a 21% improvement in post-simulation scores (Nguyen et al.,
2021). In another case, Zhejiang University in China integrated the “Virtual Biology Lab” with PhET simulations
in biology classes. A 2022 report indicated that 83% of students felt more motivated and 72% reported better
conceptual understanding through interactive digital tools (Li & Tang, 2022).

Comparative insights from Azerbaijan: In trials conducted at Nakhchivan State University, similar results were
obtained. For example, in lessons covering mitosis, students’ performance increased from 58% to 86% after the
use of PhET simulations, while knowledge of DNA structure improved by 42%. These results closely align with
findings from Canada and Finland, illustrating the universal effectiveness of digital simulation tools in science
education (Babayeva, 2023).

Frequency of PhET Use Among Teachers

To assess how often educators integrate PhET simulations into their lessons, a survey was conducted among
100 biology teachers. The results indicate varying levels of engagement with digital tools in the classroom. The
table below summarizes the frequency of PhET usage based on teacher responses:

These findings highlight that while nearly half of the educators occasionally incorporate PhET, a significant
portion either never use it or use it consistently, suggesting room for professional development and broader
integration.

Improvement in Student Performance — Visual Representation: The effectiveness of PhET simulations is
further validated by measuring student learning gains across key biology topics. The histogram below illustrates
the percentage increase in comprehension levels after the integration of simulations into instruction. The data
reveals meaningful learning improvements across all assessed topics:

e DNA Structure — 42%

o Meiosis—39%

o Mitosis — 34%

e  Photosynthesis — 31%

These outcomes clearly demonstrate the educational value of interactive and visual tools in enhancing student
understanding in biology, especially in topics involving abstract or dynamic cellular processes.
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Comparative Analysis of Digital Learning Tools: To further contextualize the role of PhET simulations, a
comparison was conducted between three popular digital tools used in biology education. The following table
evaluates each tool based on interactivity, visual appeal, ease of use, engagement level, and platform availability:

This comparative overview suggests that while all three tools offer educational benefits, PhET stands out for
its high visual clarity and usability in both online and offline settings. Choosing the most suitable tool depends on
instructional goals, the complexity of the topic, and the learning environment.

The implementation of digital simulations in the teaching of biology in educational institutions significantly
enhances the effectiveness of both theoretical and practical instruction. In this context, the following
recommendations are proposed to ensure the more efficient and widespread use of PhET and similar platforms
across all schools:

Recommendations and Suggestions

To enhance the integration of digital simulations such as PhET in biology education, the following strategic
recommendations are proposed:

Regular Professional Development for Teachers: Educators should be provided with continuous training courses
to enhance their competencies in using PhET and similar digital platforms effectively.

Curriculum Integration of Digital Tools: National curricula should include specific guidelines for the use of digital
simulations and virtual labs in relevant topics.

Policy-Level Support and Promotion: Ministries of Education and educational authorities should support and
promote initiatives that encourage the use of interactive simulation platforms in classroom settings.

Embedding Virtual Laboratories into Teaching Programs: Course syllabi, particularly for subjects such as
genetics, molecular biology, and cell biology, should include designated modules for the use of PhET simulations.
For instance, interactive sessions on "Meiosis and Genetic Variation™ help students gain a practical understanding
of chromosome segregation, crossing-over, and mutations.

Digital Alternatives to Physical Laboratory Experiments: In cases where physical laboratory equipment is limited
or expensive, tools like PhET and Learn Genetics offer a cost-effective and safe alternative. These platforms allow
students to explore the genetic effects of mutations, DNA structure, and cell cycles through virtual
experimentation.

Promotion of Independent Learning Platforms: Digital simulations provide students with opportunities to extend
their learning beyond classroom hours. This supports the implementation of flipped classroom models. University
portals should include access links to PhET simulations, tutorial videos, and assignments to enable students to
learn at their own pace.

Training Programs for Faculty Members: Specialized seminars and webinars on “Digital Pedagogy in Biology”
should be organized for university lecturers. These training programs should cover the structure and educational
applications of PhET simulations, and provide practical guidance on incorporating them into lesson planning.
Inclusion of Digital Tools in Research-Oriented Projects: Students should be encouraged to use PhET and other
interactive platforms in course projects and master's theses to model experiments. For example, a student might
investigate the consequences of cell cycle disruption using a PhET simulation and conduct a statistical analysis of
the outcomes.

Sharing of Best Practices and Research Outcomes: Universities should establish inter-institutional forums,
conferences, and webinars to share experiences on the effective use of digital simulations in teaching. For instance,
biology departments of Nakhchivan State University, Baku State University, and ASPU can collaborate to design
simulation-based lesson models and disseminate them to regional universities.

Monitoring the Impact of Digital Instruction: Student achievement and learning outcomes after the
implementation of simulations should be regularly monitored and analyzed. For this purpose, universities should
establish Educational Technology Centers responsible for evaluating the effectiveness of digital tools.
Assessment of Digital Competencies: Universities should integrate digital learning competencies into formal
assessment systems. Assessment rubrics must be developed to evaluate students’ ability to analyze and report on
simulation-based tasks. For instance, students may be required to conduct a PhET-based experiment and present
their findings in the format of a scientific research paper

5. CONCLUSION AND FUTURE WORK

The conducted experiments and analytical research clearly demonstrate that the integration of PhET simulations
into biology education significantly enhances the quality of teaching and learning processes. These tools provide
a visual and practical means of presenting abstract concepts, thereby increasing students’ interest, engagement,
and intrinsic motivation. Empirical evidence and statistical outcomes affirm that simulations facilitate stronger
teacher-student interaction and contribute posi-ti-ve=ly to learning outcomes. Based on the findings of the study,
the use of PhET simulations in biology classes led to the following key results: 72% of respondents reported using
PhET simulations either occa—sionally or on a regular basis. On average, students’ conceptual understanding
across various bio-logy topics increased by 36.5% after using PhET simulations. In order to assess the
pedagogical impact of PhET simulations on student learning outcomes, a series of topic-specific evaluations were
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conducted. These assessments measured students’ conceptual comprehension before and after the
im-ple-mentation of digital simulations across four core biology topics. Additionally, teacher usage fre-qu-ency
was analyzed to determine its correlation with student performance improvements. The fin-dings provide strong
empirical evidence supporting the value of simulation-based instruction in biology education

TABLE 9. Increase in Student Comprehension by Topic [ TABLE 10. Summary of Effectiveness Metrics ]
After Using PhET Simulations
Frequency of PhET 72% (occasional + regular use)
_ _ . usage
Topic Increase in Comprehension (%) Average ingcrease in 36.5%
Mitosis 342”’ student outcomes
Meiosis 39 OA’ Most effective topic DNA Structure (42% gain)
DNA Structure 42% Higher education 32% (pre-test 52%, post-test 84%)
Photosynthesis 31% learning gain
Average Increase 36.5% Frequency of PhET 72% (occasional + regular use)
usage

These results indicate a consistent improvement in conceptual understanding across all topics following the
integration of PhET simulations. The highest learning gain (42%) was observed in the topic of DNA structure,
which aligns with research in cognitive science suggesting that interactive visualizations are particularly effective
in conveying molecular-level processes (Mayer, 2014; Wieman et al., 2008). Even the lowest recorded increase
(31%) in photosynthesis represents a meaningful pedagogical advancement, highlighting the simulations' value
even in topics traditionally taught through illustrative diagrams or textual explanations.

Furthermore, survey responses reveal that 72% of biology teachers reported using PhET simulations either
occasionally or regularly, reflecting a growing trend toward technology-enhanced instruction. More notably,
students taught by teachers who consistently integrated digital simulations experienced 15-20% higher learning
gains compared to those whose teachers used traditional methods only. This correlation underscores the role of
teacher engagement in the effective deployment of digital tools and supports calls for ongoing professional
development in digital pedagogy. These findings are consistent with constructivist theories of learning, where
active engagement, visual input, and exploratory interaction foster deeper comprehension and knowledge
retention. As such, the incorporation of simulations into the biology curriculum not only enhances learning
outcomes but also aligns instructional strategies with 21st-century pedagogical standards.

This alignment is further substantiated through measurable improvements in student performance and
engagement, as reflected in the summary of evaluation metrics provided below (Table 10.).

These metrics confirm the growing relevance and impact of PhET simulations across multiple educational
levels. In particular, topics traditionally seen as abstract or difficult —such as DNA structure and genetic processes
— show the highest gains in comprehension, indicating that visual interactivity effectively bridges the gap between
conceptual knowledge and student understanding. Moreover, feedback from educators suggests a 25-30%
increase in students' motivation and interest in biology when digital tools like PhET are integrated into lessons —
highlighting their dual value in both cognitive (knowledge-based) and affective (emotional-engagement) domains
of learning. Beyond the numbers, the broader implication is clear: simulation-based learning tools are not just
technological supplements; they are essential components of a modern biology education. Their capacity to
personalize learning experiences, differentiate instruction, and support inquiry-based teaching makes them
especially valuable in inclusive, diverse classrooms.

Critically, this research supports the notion that scalable, cost-effective digital resources can help bridge
educational disparities, particularly in resource-constrained or rural settings where access to physical labs or
experimental setups is limited. The integration of PhET simulations — available freely online — thus promotes
educational equity while enhancing instructional quality. In the context of evolving global educational standards
and digital transformation in pedagogy, this study reinforces the necessity of equipping both pre-service and in-
service biology teachers with digital competencies. It also encourages educational policymakers to incorporate
interactive simulations in national curricula as evidence-based tools that foster both academic excellence and
student-centered learning environments.

Broader Implications and Future Directions

The demonstrable success of PhET simulations in fostering conceptual understanding and learner motivation
underscores the transformative potential of digital technologies in science education. Beyond the immediate gains
in knowledge acquisition, these tools cultivate higher-order thinking skills, such as hypothesis generation,
evidence-based reasoning, and real-time problem-solving. These competencies are foundational not only for
academic success but also for preparing students to navigate complex biological systems in real-world contexts —
from genomics to environmental sustainability. Moreover, as education systems worldwide shift towards hybrid
and personalized learning models, the integration of interactive simulations becomes not just a supplementary
enhancement but a pedagogical necessity. Future research should investigate longitudinal impacts, cross-
disciplinary applications, and equity-focused outcomes of simulation-based learning in diverse educational
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settings. This evolving paradigm calls for policy frameworks and teacher training initiatives that systematically
embed evidence-based digital tools into national science curricula, aligning with UNESCO’s Education 2030
goals and the European Commission’s Digital Education Action Plan.

In this sense, PhET simulations, STEAM methods, and 3D technologies serve as both a mirror and a catalyst
for 21st century educational reforms. This involves reimagining biology education for a more innovative,
inclusive, and inquiry-based future by combining cognitive engagement with digital fluency. In this sense, it is
our generation’s responsibility to teach future generations to effectively and ethically engage with digital skills in
the digital age, enabling them to be more creative, agile, and imaginative.
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