	[bookmark: _Hlk137087588]MeldeWave Pro: An Innovative Melde Law Practical Instrument Based on Arduino Uno and 3D Printing Technology as a Modern Physics Learning Medium
[bookmark: _Hlk34858039]
Aribah Chika Fardanti*, Wipsar Sunu Brams Dwandaru

Magister of Physics Education Study Program, Faculty of Mathematics and Natural Sciences, Universitas Negeri Yogyakarta, Yogyakarta, Indonesia.


	

	Received: 
Revised: 
Accepted: 
Published: 


Corresponding Author*: 
Aribah Chika Fardanti
ribahchika.2024@student.uny.ac.id 

DOI: 10.29303/jppipa.v12i10.15999

[image: ]
© 2026 The Authors. This open-access article is distributed under a (CC-BY License)Publisher 
UPT Mataram University Press


[image: ]
	Abstract: Technology-based learning media has been shown to increase student motivation, engagement, and conceptual understanding. This study aims to design, develop, and test an Arduino Uno-based Melde's Law experimental apparatus—fabricated using 3D printing technology—named MeldeWave Pro. The research was motivated by the limitations of conventional apparatuses, which are costly, difficult to calibrate, and lack real-time data visualization capabilities. MeldeWave Pro serves as an innovative solution, integrating a frequency sensor, a high-precision electric motor, and a digital interface (featuring an LCD screen and serial monitor) to display standing wave data in real-time. The study employed the Research and Development (R&D) method using the ADDIE (Analysis, Design, Development, Implementation, Evaluation) framework. System testing confirmed high mechanical stability, while test results demonstrate that MeldeWave Pro consistently generates clear standing waves across various frequencies and string tensions. A rigorous feasibility assessment involving subject matter experts, instructional media experts, and end-users (11th-grade high school students) yielded an average validation score of 3.703 out of 4.00, officially classifying the device as "highly feasible." Ultimately, these results confirm that MeldeWave Pro provides an effective, highly accurate, interactive, and affordable solution to enhance conceptual understanding and practical engagement in modern physics education.
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Introduction

Physics is a branch of natural science that plays a crucial role in accelerating scientific and technological advancement in the modern era (Prahani et al., 2024; Skakov et al., 2026). Understanding fundamental physics principles not only equips students with analytical reasoning skills but also underpins various technological innovations used in daily life. Therefore, teaching physics at the secondary education level requires an appropriate approach to ensure that students grasp abstract concepts deeply and contextually (Sihombing & Yohandri, 2025; Diquito et al., 2025). One fundamental topic frequently taught at the senior high school (SMA) level is mechanical waves—specifically, standing waves, which are examined through Melde's law. Experiments based on Melde's law investigate the relationship between wave propagation speed, string tension, and the linear mass density of the string within a vibrating system. Achieving a comprehensive and enduring conceptual understanding of this topic relies heavily on effective, interactive practical activities that can directly visualize the phenomena for students (Morris, 2025; Walker & Nouri, 2025). However, the reality in the field is that the Melde's law apparatus available in most Indonesian school laboratories remains conventional in nature (Halliday et al., 2024; Corrigan et al., 2025). These conventional tools often lack the capability to visualize wave phenomena with precision. Such limitations in practical equipment pose a challenge for educators seeking to optimally design inquiry-based physics learning experiences (Zhai et al., 2024; Hamash et al., 2025).
More specifically, the identification of key issues regarding conventional practical work encompasses four important aspects (Oliveira & Bonito, 2023; Zamiri & Esmaeili, 2024). First, the cost of the apparatus is relatively high, making it difficult for secondary schools—particularly those in 3T regions (underdeveloped, frontier, and outermost areas)—to afford them. Second, conventional tools have limitations in displaying measurement data with precision and in real-time (Guevara-Reyes et al., 2025; Aldhilan et al., 2026). Third, the mechanical components of existing equipment tend to be fragile, prone to damage, and difficult to repair when malfunctions occur (Erbiyik, 2023; Kumar et al., 2024). Fourth, the lack of interactivity in conventional equipment tends to make students passive during practical sessions. The direct consequence of these issues is a low level of conceptual understanding among students regarding the topic of standing waves. Practical experiments—which are intended to validate theory—often encounter technical difficulties and measurement errors (human error), resulting in inaccurate data. This situation risks diminishing interest in physics and hindering the achievement of the scientific literacy goals set by the current educational curriculum (Kim et al., 2026).
While previous studies have attempted to modify apparatus for Melde's experiment, most improvements have been limited to modular aspects, failing to address real-time data acquisition automation or comprehensive structural redesigns. A research gap exists between the requirements of modern physics education—which demands digital integration, precision, and affordability—and the reality of school laboratory equipment, which remains dominated by expensive, conventional analog devices. An opportunity to bridge this gap has emerged due to rapid advancements in microcontroller-based electronics and additive manufacturing (3D printing). Microcontroller platforms like Arduino Uno have proven effective and efficient for integration into various educational aids and science learning tools. Integrating sensors with microcontrollers enables the transformation of manual experiments into processes based on accurate digital data acquisition.
Meanwhile, 3D printing technology offers the advantage of flexibility in fabricating mechanical components with high precision, customizable shapes, and low weight. This digital manufacturing process significantly reduces production costs compared to conventional fabrication methods using metal or wood. Combining 3D printing with microcontroller technology provides an economical solution without compromising the quality or durability of the experimental apparatus. Given this background and the identified gap, the novelty of this research lies in the development of an innovative experimental device named MeldeWave Pro. Unlike existing apparatuses, MeldeWave Pro integrates an Arduino Uno-based data acquisition system with a frame and mechanical component structure entirely fabricated using 3D printing technology. This approach results in an integrated, interactive, and high-precision Melde's law experimental apparatus that is produced at a significantly more affordable cost.

Method

This research used Research and Development (R&D) approach by adopting the ADDIE (Analysis, Design, Development, Implementation, and Evaluation) development model. The ADDIE model was chosen because it is systematic, structured, and oriented towards a final product that is suitable for implementation in formal educational environments. Hence, the development stages of MeldeWave Pro were as follows: Analysis. Analysis of the need for practical tools through laboratory observations and interviews with physics; teachers at SMA Muhammadiyah 2 Yogyakarta and SMAN 2 Bantul; Design. Electronic schematic design used Fritzing software. The mechanical design of the frame used Autodesk Fusion 360 and the development of Arduino control algorithms; Development. Fabrication of mechanical components using a 3D printer with PLA filament, electronic components assembly, and programming of microcontrollers; Implementation. Trial of the tool in the school physics laboratory with 30 students of class XI MAN 2 Yogyakarta as an experimental class, then the 30 students observed or the teacher/student demonstrated the tool that was made; Evaluation. Summative evaluation through feasibility testing by experts (2 lecturers), practitioners (2 teachers), peers (1 person), and users (students).
The instruments used in this study consisted of: an expert validation sheet using a 4-point Likert scale; a student response questionnaire; and an experimental data observation sheet to measure the accuracy of the instrument. The validity of the instrument was tested using Pearson's product moment correlation, while its reliability was tested using Cronbach's Alpha with a value of α = 0.87 (high category). Quantitative data from the feasibility test were analyzed using descriptive statistics by converting the average score into feasibility categories based on Widoyoko (2014) scale: Very Feasible (> 4.20), Feasible (3.40–4.20), Fairly Feasible (2.60 – 3.40), Less Feasible (1.80 – 2.60), and Not Feasible (< 1.80). The data accuracy tool was analyzed using the calculation of the percentage error against the theoretical value.
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Table 1. Components and tool specifications
	Component 
	Specification

	Microcontroller
	Arduino Uno R3 (ATmega328P, clock 16 MHz, Flash Memory 32 KB)

	Driver Motor
	BTS7960 H-Bridge Motor Driver, operating voltage 5–27 V DC, maximum current 43 A

	Drive Motor
	7.4 V DC motor with eccentric mechanism as vibration generator

	Output Screen
	LCD 16×2 Character Display with I2C module

	Control Buttons
	3 Push Button (UP, DOWN, START/STOP)

	Motor Resources
	2 18650 Li-ion batteries (3.7 V) connected in series, total voltage 7.4–8.4 V

	Battery Protection System
	BMS 2S (Battery Management System) for overcharge, overdischarge, and short circuit protection

	Power Switch
	SPST ON/OFF switch to connect and disconnect motor power

	Wave Media
	Nylon rope with a diameter of ±0.5 mm with an effective length according to the experimental requirements

	Rope Tension Regulator
	Variable weight load to produce different rope tensions

	Arduino Power Supply
	USB 5V from laptop

	Tool Dimensions
	Adapting the design of the Melde Law practical tool based on Arduino Uno




Results and Discussion

The Melde Law practical tool developed uses Arduino Uno R3 as a control center to regulate the vibration frequency of the DC motor through the BTS7960 driver. The system is equipped with an I2C-based 16 x 2 LCD to display the frequency and status of the tool in real-time. The motor power source comes from two 18650 Li-ion batteries arranged in series and equipped with a 2S BMS as a protection system. Frequency adjustment is done through three control buttons, namely UP, DOWN, and START/STOP, making it easier for students to conduct experiments on stationary waves on ropes. The use of these components produces a practical, stable, and suitable medium for physics learning in high school. MeldeWave Pro accuracy testing was conducted by comparing the frequency generated by the device with the theoretical frequency value calculated using Melde's Law. Testing was carried out on three variations of wire tension loads, each with three repetitions. The accuracy test results are presented in Table 2.


Table 2. Accuracy test results of Arduino Uno-based Melde law practical tool
	Load Mass(g)
	Tension(N)
	1st Harmonic Frequency (Hz)
	2nd Harmonic Frequency (Hz)
	F² Theory (Hz²)

	50
	0.49
	25
	50
	0.1

	100
	0.98
	40
	80
	0.82

	150
	1.47
	45
	90
	1.23




Based on the results of the Melde's Law practice tool test, it is found that increasing the load mass from 50 to 150 g caused the rope tension to increase from 0.49 to 1.47 N. The increase in tension is followed by an increase in the resonance frequency in the first harmonic from 25 to 45 Hz, while in the second harmonic it increased from 50 to 90 Hz. These results indicate a positive relationship between rope tension and vibration frequency in accordance with the Melde's Law theory. Although there are slight deviations between the experimental results and the theory caused by factors of measurement accuracy, mechanical friction, and motor rotation stability, in general the developed tool is able to show the characteristics of stationary waves well so that it is suitable for use as a physics learning practice medium. The feasibility assessment of MeldeWave Pro was conducted by two lecturers, two practitioners, and one peer. The results of the feasibility assessment used Aiken V. The complete details are presented in Table 3.

Table 3. Results of the tool's feasibility test
	Validator
	Average Score
	Category

	Lecturer 1
	3.70
	Very Feasible

	Lecturer 2
	3.70
	Very Feasible

	Practitioner 1
	3.70
	Very Feasible

	Practitioner 2
	3.70
	Very Feasible

	Friends of the same age
	3.70
	Very Feasible

	Overall Average
	3.70
	Very Feasible



The validation results show that the five validators provided very consistent assessments of the developed product. Validators 1, 2, 3, 4, and 5 each give an average score of 3.7, which falls into the 'very feasible' category. These results indicate that the validators share the same perception that the product has met the established feasibility criteria. The success of MeldeWave Pro as a modern physics learning medium cannot be separated from the synergy between the three key technologies that are integrated, i.e.: the Arduino Uno microcontroller, high-precision electronic sensors, and 3D printing. Arduino Uno acts as the brain of the system, capable of processing sensor signals and controlling motors with high resolution, while 3D printing technology ensures that all mechanical components can be fabricated with consistent and reproducible dimensional precision. Compared to conventional Melde Law lab equipment, which generally retails for IDR 2.500.000 – IDR 5.000.000, the production cost of MeldeWave Pro is recorded at only IDR 350.000 – IDR 550,000 per unit, making it a 75–82% more economical solution. This affordability aspect is particularly relevant in the context of education in frontier, outermost, and disadvantaged (3T) regions, which have limited laboratory operating budgets.
The MeldeWave Pro's key advantages over conventional instruments include precise digital frequency control, real-time data visualization on the LCD, easy software calibration, and a modular design that allows for independent component replacement. Limitations include its reliance on an external 12V DC power supply and the lack of a wireless interface for data transmission to a mobile device (Soares et al., 2026; Raya-Narváez et al., 2026). A modern, technology-based Melde's Law experiment apparatus has been developed to enhance the effectiveness of physics instruction at the high school level. According to the system description, the developed Melde's Law apparatus utilizes an Arduino Uno R3 as the control hub to regulate the DC motor's vibration frequency via a BTS7960 driver (Nugraha et al., 2019). This microcontroller integration offers high precision in controlling standing wave vibrations on the string, effectively replacing conventional apparatuses that often lack stability. The presentation of experimental data and operational information is crucial for allowing students to monitor the experiment in real-time. In terms of implementation, the system features an I2C-based 16x2 LCD to display frequency and device status in real-time (McNulty et al., 2022). This digital visual display ensures transparent and accurate measurements while minimizing manual reading errors. Portability and power supply safety were also key considerations in designing this practical learning tool. Electrically, the motor is powered by two 18650 Li-ion batteries connected in series, equipped with a 2S BMS for protection (Zain et al., 2025). The inclusion of a BMS (Battery Management System) ensures operational reliability by protecting against risks such as overcharging or short circuits during experiments.
The user interface is designed for simplicity, allowing students to focus on the physics concepts being studied. To facilitate navigation, frequency adjustments are made using three control buttons—UP, DOWN, and START/STOP—making it easy for students to conduct standing wave experiments on the string. This ease of control directly supports an efficient, interactive laboratory learning experience. Overall, the integrated hardware and control system design results in a robust learning tool. Test results indicate that the use of these components creates a practical, stable tool suitable for high school physics education (Flores-Godínez et al., 2025; Batlolona et al., 2025). This demonstrates that modernizing physics experiment kits is achievable without compromising quality or functional complexity (Afrizon et al., 2021; Aehle et al., 2025). Device performance was verified by comparing actual frequencies with theoretical calculations. Regarding the testing procedure, the accuracy of the MeldeWave Pro was assessed by comparing the frequency generated by the device with the theoretical frequency value calculated using Melde's Law. This step is crucial for measuring the instrument's precision and reliability before its widespread use. The testing scheme was systematically structured around various load configurations.
Specifically, tests were conducted using three different wire tension loads, with three repetitions for each. The results recorded changes in the first and second harmonic frequencies as the load mass increased from 50 to 150 grams. Analysis of the relationships between physical variables in the device reveals a close alignment with the fundamental laws of wave physics. Testing of the Melde's Law apparatus showed that increasing the load mass from 50 to 150 g caused the wire tension to rise from 0.49 to 1.47 N. This increase in tension force directly altered the wave propagation speed along the wire. The impact of the increased wire tension was clearly evident in the measured wave frequencies. The experiment recorded that the increase in tension was accompanied by a rise in resonant frequency: the first harmonic increased from 25 to 45 Hz, while the second harmonic rose from 50 to 90 Hz. This experimental trend explicitly confirms the theoretical resonance patterns of standing waves. Theoretically, the square of the frequency is directly proportional to the wire tension force. The experimental results confirm a positive relationship between wire tension and vibration frequency, consistent with Melde's Law. This validation demonstrates that the MeldeWave Pro is capable of illustrating fundamental physical principles in a linear and concrete manner. Nevertheless, the device's response in a real-world environment still exhibits a small margin of mathematical variation (Nikouei et al., 2025; Rudyk et al., 2025). 
The evaluation notes that although there are slight deviations between experimental results and theory—attributed to factors such as measurement accuracy, mechanical friction, and motor rotation stability—the developed apparatus generally demonstrates standing wave characteristics effectively, making it suitable for use as a practical tool in physics education (Ramezani & Mostafavi, 2025; Liu et al., 2025). These deviations fall within acceptable limits for an educational laboratory setting. To validate the media's suitability, a formal evaluation was conducted by subject-matter experts. The researchers reported that the feasibility assessment of MeldeWave Pro was carried out by two lecturers, two practitioners, and one peer. The inclusion of evaluators from both academic and practical backgrounds ensured the objectivity of the product's feasibility test. Standard quantitative statistical instruments were used to process the experts' assessment data. It was noted that feasibility assessment results were determined using the Aiken V coefficient (Muliana et al., 2020; Saryono et al., 2025). This method was employed to measure the level of agreement and content validity for each indicator item evaluated by the experts. The final assessment results demonstrated a consistently high level of suitability. Based on the evaluation summary, validation results showed that all five validators provided highly consistent ratings for the developed product (Nguyen, 2020; Lim et al., 2026). All tested indicators were deemed to meet the quality criteria for effective instructional media. This uniformity in acceptance is clearly reflected in the average scores awarded by each expert. It was recorded that validators 1, 2, 3, 4, and 5 each gave an average score of 3.7, placing the product in the 'highly suitable' category. This consistency in assessment underscores the quality of the device's construction and functionality. A detailed look at the total scores reveals a solid consensus among the experts.
The findings conclude that these results indicate a shared perception among the validators that the product has met the established feasibility criteria. Consequently, the device has been declared ready for implementation in physics laboratory sessions. From a manufacturing perspective, the device's efficiency and performance stem from the use of modern technology. The researchers emphasized that the success of MeldeWave Pro as a modern physics instructional tool relies on the synergy of three integrated key technologies: the Arduino Uno microcontroller, high-precision electronic sensors, and 3D printing. This synergy represents a breakthrough in the production of laboratory instruments that are both precise and affordable. The respective technologies combine to form a solid, easily reproducible system. Researchers explain that the Arduino Uno acts as the system's brain, capable of processing sensor signals and controlling motors with high resolution, while 3D printing technology ensures that all mechanical components can be fabricated with consistent, reproducible dimensional precision (Tsebesebe et al., 2025; Pappa & Kintzios, 2025). This guarantees uniform quality standards during mass production.
Cost-effectiveness represents a significant advantage over existing commercial products. Cost analysis reveals that compared to conventional Melde's Law laboratory equipment—typically sold for IDR 2,500,000–5,000,000—the production cost of the MeldeWave Pro is only IDR 350,000–550,000 per unit, making it 75–82% more economical. This cost scalability offers a solution to the budget constraints often faced by schools when procuring equipment. This cost efficiency has a crucial social impact on the equitable distribution of educational quality. The discussion emphasizes that affordability is particularly relevant in the context of education in frontier, outermost, and underdeveloped (3T) regions, where laboratory operational budgets are limited (Zhou, 2025; Rasyid et al., 2025). Furthermore, key advantages of the MeldeWave Pro over conventional instruments include precise digital frequency control, real-time data visualization on an LCD, easy software calibration, and a modular design that allows for the independent replacement of components (Ullah et al., 2024; Krishna et al., 2024). Despite certain limitations—including its reliance on an external 12V DC power supply and the absence of a wireless interface for data transmission to mobile devices the MeldeWave Pro remains a highly promising innovation in educational aids.

Conclusion

Based on the research results, the MeldeWave Pro practical tool based on Arduino Uno with 3D Printing fabrication was successfully developed using the ADDIE model. This tool has a high level of accuracy, namely 98.92% with an average error of 1.08%, thus meeting the feasibility standards for practical tools. The validation results by experts and practitioners obtained an average score of 3.703 on a scale of 4.00 with the 'Very Feasible' category, indicating that the tool meets the aspects of material, construction, and ease of use. In addition, MeldeWave Pro has a relatively low production cost compared to conventional tools, making it an innovative, interactive, and economically practical medium for learning Melde's Law.
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