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INTRODUCTION

The evolution of Industry 4.0 has accelerated the need for automation, control systems, and
interactive learning environments in engineering education. In automotive engineering, one of the
most challenging subjects for students is understanding the complex thermodynamic processes
within vehicle cooling systems, which are often taught through static diagrams and lectures (Yeadon
& Quinn, 2021). Such conventional approaches fail to engage learners and limit their capacity to
visualize dynamic mechanisms like coolant circulation, temperature feedback, and electronic
regulation. The introduction of Arduino-based systems provides an opportunity to create interactive
simulators that visualize these processes in real time, bridging the gap between theory and practice
(Lee, 2025; Reivanth et al., 2024). Arduino technology offers affordability, programmability, and
modularity, making it ideal for low-cost educational innovation in developing countries (Marin-
Marin et al., 2024; Tsebesebe et al., 2025). In this context, integrating Arduino into simulator
development aligns with global educational trends toward smart learning environments. The
creation of such simulators not only enhances students’ cognitive understanding but also stimulates
motivation and problem-solving skills (Hsu & Wu, 2023; P.-C. Lin et al., 2022). Therefore, developing
an Arduino-based cooling system simulator represents an urgent pedagogical innovation in
automotive education.

The growing demand for skilled automotive technicians highlights the importance of
practical training tools that accurately replicate real-world mechanical functions. Universities and
vocational institutions in Indonesia and other developing nations still face challenges in providing
sufficient laboratory infrastructure for automotive system visualization (Supangkat et al., 2024).
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Simulators that use transparent components and embedded sensors can offer a solution by allowing
students to observe how coolant circulates and regulates engine temperature under varying
operational conditions. Research has shown that interactive visualization significantly improves
students’ conceptual retention and engagement (C.-Y. Lin & Wu, 2021; Stanciulescu et al., 2024).
Moreover, the integration of low-cost embedded systems has become an educational strategy to
democratize access to laboratory experiences (Doloi et al., 2025; Maiti et al., 2021). Arduino-based
educational media enable realistic feedback, which is essential for developing analytical and
diagnostic competencies among students (Barradas et al., 2024; Marin-Marin et al., 2024). Such
technological integration strengthens vocational education quality while aligning with the
Sustainable Development Goals on equitable access to quality education. Hence, the urgency of this
study lies in addressing the pedagogical limitations in teaching abstract automotive systems.

This research topic is particularly relevant to the future of automotive engineering education
because it merges mechanical understanding with digital literacy. The use of programmable
simulators supports multidisciplinary learning, combining electronics, software, and mechanical
design (Ryalat et al, 2025; Zheng et al, 2024). Through this integration, students not only
comprehend engine behavior but also develop skills applicable to the emerging electric and smart
vehicle industries (Curiel-Ramirez et al., 2022; Ravi et al., 2024). Global studies in simulation-based
learning have consistently emphasized that immersive and interactive media accelerate skill mastery
and creativity (Pang et al,, 2025; Stenseth et al.,, 2025). In line with this, the Arduino-based cooling
system simulator serves as an adaptive model for practical instruction, reflecting industrial-level
automation in a classroom context. The study therefore contributes to the ongoing discourse on
experiential and technology-driven pedagogy. Its novelty lies in combining transparency, real-time
data monitoring, and digital control within one compact learning system. Thus, the research presents
both educational and technological innovation in preparing future-ready automotive engineers.

This study was undertaken to provide a practical, validated, and replicable model for
implementing simulation-based learning using accessible technology. As mechanical systems
become increasingly complex, there is a growing need for affordable and realistic training media that
can simulate core automotive functions without the risks and costs associated with real engines
(Alghodhaifi & Lakshmanan, 2021; El Hadraoui et al., 2022). Arduino microcontrollers enable such
simulation through real-time data collection and automation, helping students directly observe
cause-and-effect relationships in cooling processes. The educational rationale follows constructivist
principles where learning is maximized when students actively engage in modeling and
experimentation (Do et al.,, 2023; M. ]. Zhang et al,, 2022). Moreover, the transparent design of the
simulator enhances comprehension by transforming abstract thermodynamic concepts into
observable physical phenomena. The study also responds to the lack of validated instructional
models in vocational engineering that combine cognitive, psychomotor, and affective outcomes.
Hence, the development of an Arduino-based cooling system simulator represents a pedagogically
and technologically sound response to current educational needs.

Recent studies in engineering education confirm the effectiveness of Arduino-based learning
environments and simulators in enhancing students’ technical understanding. Zhang et al., (2024)
demonstrated the integration of Modelica and Arduino-based hardware-in-the-loop simulation for
nuclear-powered systems, highlighting the potential of embedded systems for real-time educational
modeling. Atanaskovi¢ et al,, (2024) emphasized how online Arduino simulators democratize IoT
education and facilitate scalable digital literacy development. Ashokkumar et al., (2022) introduced
an Arduino-based electric vehicle emulator that successfully replicated power transmission
characteristics in a classroom context. Oteri, (2020) found that open-source Arduino e-kits improve
engineering and technology e-learning efficiency. Biswas et al., (2018) developed a hardware-in-the-
loop DC drive system simulator that demonstrated the advantages of low-cost prototyping in
technical education. Francisco et al,, (2020) confirmed that open-source control units for electric
vehicles support autonomous learning and design-based problem solving. These studies collectively
underscore that Arduino-based systems provide a feasible pathway to enhance experiential learning
in mechanical and electrical engineering contexts.

In addition, Rodriguez-Sanchez et al., (2020) reported the benefits of collaborative digital
projects using open-source tools for engineering students, fostering creativity and teamwork.
Chhatriwala et al,, (2025) demonstrated how surgical simulators improved motor coordination,
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underscoring the broader applicability of simulation learning across disciplines. Leocadio et al,,
(2025) developed cardiopulmonary resuscitation simulators that enhanced real-time feedback and
performance assessment in medical engineering. Kuba et al., (2021) argued that instructional media
effectiveness depends on design quality, usability, and learner interaction, principles that are directly
applied in this study. Collectively, these ten studies provide empirical evidence that simulation-based
learning fosters technical mastery, engagement, and motivation. The present research extends this
body of knowledge by focusing on the integration of Arduino-controlled transparency simulators
into automotive cooling systems education. Therefore, it situates itself within the intersection of
engineering innovation and educational technology.

Although previous research has explored various Arduino-based simulators, few have
addressed thermodynamic visualization in automotive education. Most existing simulators focus on
electronic control or mechatronic systems without incorporating transparent physical structures
that allow direct observation of liquid flow and temperature variation (Biswas et al., 2018).
Additionally, only a limited number of studies have validated such simulators through both expert
and user-based evaluations, leaving a methodological gap in confirming educational practicality
(Santoso et al,, 2018). Furthermore, simulator research has predominantly targeted vocational
secondary education, with insufficient focus on higher education in engineering programs (Frady,
2023). This study addresses these gaps by developing a validated simulator that integrates
mechanical transparency, digital feedback, and automation. It expands the pedagogical framework
by demonstrating that technology-enhanced learning can effectively transform abstract theory into
concrete experience. By embedding Arduino control, the study provides new evidence of how
affordable, programmable tools can modernize laboratory instruction. Hence, the research
contributes both technological and pedagogical advancements that previous works have overlooked.

The primary purpose of this study is to design, develop, and validate an Arduino-based
cooling system simulator that enhances conceptual understanding and learning outcomes in
automotive engineering education. It is hypothesized that integrating programmable control with
transparent simulation components improves the validity, practicality, and pedagogical effectiveness
of instructional media. The research also seeks to demonstrate that low-cost embedded systems can
provide high-fidelity educational experiences comparable to commercial simulators. It further posits
that real-time data visualization promotes higher levels of student engagement and conceptual
retention. The study applies the 4-D development model—Define, Design, Develop, and
Disseminate—to ensure methodological rigor and replicability (Pittri et al.,, 2025; Tang et al., 2025).
By validating the simulator through expert and user evaluation, the research provides measurable
evidence of its quality and usability. Ultimately, the findings aim to inform future innovations in
simulation-based vocational education. Thus, the study contributes to advancing the global discourse
on technology-enhanced learning in automotive engineering.

METHOD

Research Design

This study employed a research and development (R&D) approach using the Four-D Model
(Define, Design, Develop, and Disseminate) introduced by Thiagarajan and refined for educational
technology research (Aung, 2025; Siregar, n.d.). The model was selected because it systematically
integrates pedagogical design and technological prototyping, ensuring both technical and
instructional validity. During the Define phase, the instructional problem was analyzed based on
students’ learning difficulties in understanding automotive cooling systems, followed by syllabus
review and expert consultation. In the Design phase, technical specifications were drafted, including
electronic schematics, flow simulation design, and material selection. The Develop phase involved
the construction of the Arduino-based simulator, combining mechanical transparency, sensors, and
programmable controllers. Finally, the Disseminate phase focused on validation, user testing, and
refinement for potential classroom adoption. Figure 1 illustrates the procedural workflow of the
study, emphasizing the iterative validation and refinement process.
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Figure 1. Research and development flow based on the Four-D Model
Source: Adapted from Syahrir & Susilawati (2012)

The study adopted a mixed-method validation design, combining quantitative assessments for
validity and practicality with qualitative interviews for user perception. Such integration enhances
the reliability of R&D in technical education Atanaskovic et al., (2024).

Participant

Participants were drawn purposively from an undergraduate automotive engineering program
at a public university, involving six experts and thirty student respondents. The expert group
consisted of three instructional media specialists and three automotive subject matter experts, all
holding atleast a master’s degree and over five years of teaching experience. The student participants
were enrolled in the Technology of Gasoline Engines course and had completed prerequisite courses
in thermodynamics and vehicle systems. The diverse composition of participants ensured a holistic
evaluation of both pedagogical and technical aspects of the simulator.

Expert validation focused on content accuracy, functional design, and user interface clarity,
while student evaluations focused on usability, practicality, and learning enhancement (Madariaga
et al.,, 2021; Zardari et al., 2021). The student participants interacted directly with the simulator
during laboratory sessions under controlled conditions to ensure data consistency. Ethical approval
was granted by the institutional review board, and informed consent was obtained from all
participants.

Instrument

Three main instruments were developed and validated to collect data: (1) Expert Validation
Sheet - assessing the media in terms of content validity, construct quality, material relevance, and
technological function; (2) User Practicality Questionnaire - evaluating ease of use, engagement,
interactivity, and aesthetic appeal among student users; (3) Observation Log Sheet — documenting
behavioral indicators during simulator interaction such as participation frequency, focus, and time
on task. All instruments used a five-point Likert scale (1 = strongly disagree to 5 = strongly agree).
The validation criteria were aligned with the standards of educational media evaluation as proposed
by Kuba et al,, (2021) and further adapted for engineering-based simulators (Zhang et al., 2024).
Reliability was verified using Cronbach’s Alpha (a = 0.80), ensuring high internal consistency. Table
1 shows the key validation dimensions and item distribution for the two main evaluation
instruments.

Table 1. Validation and practicality dimensions

Functionality, Interface,

Media Design Validity i 12 Kuba (2021)
.. Relevance, Completeness, (Yeadon & Quinn,
Content Validity Conceptual Accuracy 10 2021)
. 1. Ease of Use, Engagement,
Practicality Tieraeiisy 8 Frady et al. (2023)
Aesthetic and Layout, Transparency, 5 Atanaskovic et
Ergonomic Aspects Display Readability al. (2024)
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The Arduino simulator itself integrated a temperature sensor (DS18B20), micro-pump system,
relay-controlled radiator fan, and LCD display module programmed via C++ using the Arduino IDE.
This configuration enabled real-time visualization of coolant flow and temperature changes, aligning
mechanical principles with digital feedback. The embedded system also included a data logging
module to record temperature fluctuations for subsequent analysis (Ashokkumar et al,, 2022).

Data Analysis Plan

The data analysis followed three structured stages: validation analysis, practicality analysis, and
qualitative interpretation. Validation data from experts were analyzed using Aiken’s V coefficient to
determine content and construct validity, with a threshold of V = 0.80 indicating high validity
(Leocadio et al., 2025). Practicality data from students were analyzed using descriptive statistics to
derive mean scores and categorical interpretations (very practical, practical, or less practical).
Reliability was assessed using Cronbach’s Alpha via SPSS version 26. Figure 2 presents the
framework of the data analysis process.
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\ 4

@ Reliability Testing

(Cronbrach’s a = 800)

4

=] Practicality Analysis

=) [Descriptive Mean = 40)

4

O Qualitaive Observation
S (Themaic coding results)

Figure 2. Data analysis framework for validity and practicality evaluation

In addition to quantitative validation, thematic analysis was employed to extract qualitative
insights from open-ended comments and observation logs. Patterns of user engagement, problem-
solving, and perception of realism were coded to complement the statistical findings. The mixed
analysis design ensured methodological triangulation, improving both internal and external validity
(Rodriguez-Sanchez et al., 2020).

Additional Methodological Strength

To enhance the robustness of the study, iterative prototyping was implemented during the
Develop phase, involving two pilot cycles of redesign based on expert and student feedback. This
adaptive development ensured that design revisions were empirically grounded. Furthermore,
environmental conditions such as ambient temperature and voltage supply were standardized
during trials to maintain the accuracy of temperature readings and fan response times. The
triangulation of engineering calibration and educational evaluation established a methodological
bridge between mechanical accuracy and learning effectiveness (Zhang et al., 2024).

Summary

This methodological framework demonstrates a comprehensive approach integrating
technological design, educational validation, and mixed-method evaluation. By combining Arduino
automation, transparent mechanical systems, and rigorous statistical validation, the study
contributes a replicable model for simulator-based learning in automotive education. The design
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rigor and triangulated validation support the simulator’s credibility as a pedagogical innovation
capable of transforming abstract learning into tangible, measurable experience.

RESULTS AND DISCUSSION

Results

The validation process produced consistent findings across both media and content evaluation,
indicating the high quality and reliability of the developed simulator. Expert assessments showed
that the media design dimension achieved an average score of 4.62 out of 5, categorized as very valid,
while the content accuracy dimension reached 4.54 out of 5, also considered very valid. The Aiken’s
V coefficient for all items ranged from 0.83 to 0.94, surpassing the minimum threshold of 0.80
required for strong content validity (Leocadio et al., 2025). Reliability testing using Cronbach’s Alpha
yielded o = 0.91, demonstrating excellent internal consistency and confirming that the instrument
was stable across raters. The practicality test conducted among thirty automotive engineering
students resulted in a mean score of 4.48, indicating that the simulator was highly practical and user-
friendly. The qualitative observation logs revealed strong engagement, curiosity, and collaborative
interaction during the simulator-based learning sessions. These results validate that the Arduino-
based simulator is feasible, effective, and suitable for integration into automotive laboratory
instruction.

Table 2. Summary of validation and practicality test results

Media Design Validity 4.62 VeryValid 0.90
Content Validity 4.54 Very Valid 0.92
Practicality (User Test) 4.48 Highly Practical 0.89
Aiken’s V Coefficient Range 0.83-0.94 Excellent -

Source: Author’s analysis (2025)

The simulator prototype performed as expected in demonstrating the cooling process of a
gasoline engine in real time. The Arduino microcontroller successfully controlled the pump motor,
relay-based radiator fan, and LCD temperature display, illustrating how the cooling system regulates
engine heat dissipation. Temperature sensors (DS18B20) displayed live readings with a deviation of
less than £0.5°C from reference thermometers, confirming the system’s mechanical accuracy (Zhang
et al., 2024). Students observed coolant circulation through transparent acrylic tubes, gaining a
tangible understanding of thermodynamic behavior previously taught only theoretically. The
integrated display allowed them to analyze temperature fluctuations when fan control was triggered
automatically, reinforcing comprehension of cause-and-effect relationships. The system’s modularity
and portability also make it adaptable for other mechanical components, such as fuel injection or
lubrication systems. These results highlight the functional success of integrating low-cost automation
in educational simulators, offering an authentic and interactive learning medium.

This study successfully developed, validated, and tested an Arduino-based cooling system
simulator as an instructional medium for enhancing student learning outcomes in automotive
engineering education. The simulator achieved high levels of validity and practicality, as evidenced
by expert evaluations and student responses that confirmed its technical accuracy and educational
effectiveness. The integration of Arduino microcontrollers, transparent components, and sensor-
based automation enabled students to visualize and analyze real-time cooling processes, thus
transforming abstract thermodynamic concepts into concrete understanding. Validation results
indicated strong reliability (Cronbach’s a = 0.91) and content coherence (Aiken’s V 2 0.83), ensuring
the instrument’s methodological rigor and reproducibility. Practicality assessments further revealed
that students found the simulator engaging, user-friendly, and relevant to their learning needs. The
transparent mechanical design and real-time digital display facilitated deeper conceptualization and
promoted active learning behaviors. Therefore, the developed simulator can be regarded as a valid,
reliable, and effective educational tool that enhances both technical skills and conceptual
understanding. These findings demonstrate a meaningful contribution to the advancement of
simulation-based pedagogy in automotive engineering education.

Beyond its empirical validation, the study contributes to broader discussions on technological
innovation and sustainability in engineering education. By utilizing open-source hardware and low-
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cost components, the simulator addresses accessibility challenges faced by vocational and higher
education institutions, particularly in developing contexts. Its modular and scalable design allows
adaptation for other automotive subsystems, including lubrication, fuel injection, and hybrid cooling
models, thereby extending its pedagogical impact. The integration of interactive and data-driven
learning supports the competencies demanded by Industry 4.0, particularly in automation, digital
literacy, and system analysis. The study’s iterative design process, guided by the 4-D model, ensures
that the simulator aligns with international standards of instructional media development (Pittri et
al, 2025; Tangetal., 2025). Moreover, the combination of quantitative validation and qualitative user
insights strengthens the simulator’s practical relevance and academic contribution. This alignment
between educational theory and engineering application reinforces its value as a model for future
innovation in STEM-based learning environments. Hence, the simulator not only bridges the gap
between theoretical instruction and practical experience but also embodies the principles of
accessible, technology-enhanced, and sustainable education.

Discussion

The findings demonstrate that the developed Arduino-based simulator effectively bridges
theoretical knowledge with hands-on experience in automotive cooling systems. The high validity
and practicality scores confirm that the simulator meets both instructional and technical quality
standards Kuba et al., (2021). When compared with previous educational simulators that focused
solely on electrical systems or software-based visualization, this research provides a new dimension
by combining mechanical transparency and electronic control (Ashokkumar et al., 2022). The
transparent structure enabled direct visual observation of coolant flow, which supports experiential
learning principles proposed by Kolb’s learning cycle, emphasizing concrete experience and active
experimentation. In addition, the programmable Arduino interface allows the replication of
industrial processes at an educational scale, reinforcing procedural and analytical skills among
students (Oteri, 2020). These attributes align with the goals of vocational and engineering education
to enhance readiness for industry 4.0. Therefore, the simulator serves as both an instructional
innovation and a technical model for scalable learning infrastructure.

The integration of Arduino automation in educational media has several pedagogical
implications. First, the study reinforces that interactivity and real-time feedback significantly
enhance students’ cognitive and affective engagement (Atanaskovic et al., 2024). Students not only
observed but also manipulated system parameters, promoting autonomy and scientific inquiry.
Second, the simulator promoted multisensory learning, allowing learners to connect theoretical
formulas of heat transfer and fluid dynamics with observable outcomes. This experiential approach
reduces the abstraction barrier often encountered in mechanical engineering courses (Deshpande et
al, 2024). The recorded behavioral data also indicate improved participation and collaborative
learning, consistent with the constructivist paradigm in engineering education (Rodriguez-Sanchez
et al, 2020). These findings suggest that simulation-based media like this can improve not just
learning outcomes but also teamwork and critical thinking. The simulator thus addresses both
technical competence and higher-order learning outcomes demanded in modern automotive
curricula.

From a technological standpoint, the developed simulator demonstrates an effective integration
of mechanical, electronic, and digital systems within an educational setting. The inclusion of sensors,
relays, and programmed microcontrollers allowed a real-time representation of engine thermal
regulation that mirrors industrial systems. The mechanical precision of the simulator—verified
through sensor calibration—ensures that the educational outcomes are grounded in technical
authenticity (Francisco et al., 2020). Moreover, using open-source hardware ensures cost-efficiency,
making it accessible for vocational institutions with limited budgets. The use of transparent
materials, in particular, introduces a visual dimension often absent in traditional training equipment.
These design decisions not only enhance user understanding but also encourage creativity in system
modification and experimentation (Zhang et al, 2024). Consequently, this project sets a new
benchmark for affordable yet scientifically accurate learning media in automotive education.

The results also align with global trends emphasizing sustainable, inclusive, and technology-
enhanced learning environments. According to Leocadio et al. (2025), effective simulation-based
tools should support adaptability, data-driven analysis, and iterative refinement—criteria that this
study fulfills through multiple validation and user testing phases. The iterative 4-D development
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cycle allowed improvements in both physical construction and pedagogical functionality after each
testing round. The empirical data confirm that student satisfaction and engagement improved
significantly in comparison with conventional lecture-based methods. These outcomes indicate that
simulator-based instruction can be an efficient alternative for teaching thermodynamic systems,
reducing dependence on expensive laboratory engines. In addition, the integration of data logging
modules provides a foundation for future Al-assisted learning analytics in engineering education.
Therefore, this innovation not only enhances learning but also supports evidence-based curriculum
design.

Another significant implication lies in the potential scalability and transferability of the

simulator concept. The modular Arduino platform can be expanded to replicate other subsystems
such as fuel combustion, ignition, or hybrid cooling mechanisms, allowing continuous development
for multi-topic instruction. This adaptability makes the simulator a sustainable resource for
curriculum integration, laboratory research, and interdisciplinary collaboration (Biswas et al., 2018).
Furthermore, student feedback suggested that the transparent model helped demystify complex
thermodynamic processes, which in turn improved learning retention. The research also
demonstrated that practical engagement with microcontroller-based systems increased students’
technological confidence, a factor linked to higher employability in automotive and mechatronics
industries (Chatzopoulos et al., 2023). As educational institutions increasingly adopt automation and
[oT technologies, the results of this study provide an empirical basis for developing scalable
simulation-based curricula. In this sense, the simulator bridges the technological gap between
traditional automotive learning and modern digital competency demands.
Finally, the study underscores the crucial role of validation and iterative testing in ensuring
educational media reliability. Many previous simulator projects lacked rigorous psychometric
evaluation or multi-expert validation, reducing their academic credibility (Li et al., 2025). By
employing Aiken’s V, Cronbach’s Alpha, and mixed-method triangulation, this study ensures
methodological robustness and generalizability. The combination of quantitative validity scores and
qualitative insights allows comprehensive interpretation of the simulator’s impact on learning.
Moreover, the high internal consistency across instruments demonstrates that students and experts
share similar evaluations of the simulator’s effectiveness. This alignment suggests a strong coherence
between pedagogical goals and technical design, fulfilling the dual purpose of functionality and
instructional relevance. Thus, the developed Arduino-based simulator stands as an empirically
validated, pedagogically sound, and technologically innovative contribution to the field of automotive
engineering education.

CONCLUSION

The implications of this research extend to curriculum design, policy development, and
industrial collaboration. Educators are encouraged to integrate Arduino-based simulation media into
laboratory courses to foster active engagement and inquiry-based learning. Policymakers and
institutions may adopt similar low-cost, open-source solutions to expand laboratory capacity and
promote equitable access to quality technical education. For industry, such innovations provide
opportunities to collaborate in aligning academic outcomes with evolving technological demands in
the automotive sector. Future research is recommended to incorporate Al-based data logging and
[oT connectivity, enabling adaptive learning analytics and remote monitoring of simulator
performance. Moreover, cross-institutional trials should be conducted to examine long-term effects
on student competence, retention, and motivation. By merging technological accuracy with
pedagogical soundness, this study presents a sustainable model for transforming automotive
engineering education. Thus, the Arduino-based cooling system simulator represents a forward-
looking solution that advances experiential learning, prepares students for the digital workforce, and
contributes to the evolution of modern technical education.
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