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Abstract

The integration of open-source hardware and visual programming technologies provides an
effective approach for developing contextualized STEM activities in higher education. This
study presents the design, implementation, and functional verification of an educational
prototype that combines customized electronic boards, sensors, and a visual program-
ming interface developed in mBlock. The proposed platform integrates three educational
boards—the Agriculture Board, Environment Board, and Aquaculture Board—for monitor-
ing soil moisture, air-quality conditions, and water turbidity, respectively. The hardware
implementation included the design and fabrication of customized printed circuit boards,
followed by electrical continuity testing, power supply verification, and firmware execution.
Customized programming blocks and communication extensions were then developed to
enable interaction between the educational boards and the mBlock environment. Finally, the
complete prototype was functionally verified during classroom implementation through
contextualized STEM activities based on problem understanding, activity development,
activity execution, and solution review. The results confirmed the correct operation of the
hardware platform, successful communication between the educational boards and the
visual programming environment, and real-time acquisition and visualization of sensor
measurements. The integrated functional verification demonstrated correct interaction
among the hardware platform, software extensions, connected sensors, and customized
programming blocks under authentic classroom conditions. The proposed prototype pro-
vides a functional technological platform for implementing contextualized sensor-based
STEM activities and demonstrates the feasibility of integrating open-source hardware and
visual programming into higher education.

Keywords: STEM education; open-source hardware; visual programming; mBlock;
educational prototype; functional verification; contextualized STEM activities

1. Introduction

Higher education faces the challenge of preparing students who are capable of ap-
plying scientific and technological knowledge to solve real-world problems within their
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local contexts [1,2]. Although undergraduate programs provide theoretical foundations in
science and engineering, first-year university students frequently experience difficulties
in connecting academic concepts with practical applications, particularly when they are
required to integrate knowledge from science, technology, engineering, and mathematics
(STEM) to solve interdisciplinary problems [3]. This situation highlights the need for edu-
cational approaches that promote active learning, experimentation, and the application of
technological resources in authentic learning environments [4].

In recent years, STEM education has become an important educational approach for
promoting critical thinking, creativity, collaborative learning, and technological problem-
solving skills [2]. Rather than teaching science, technology, engineering, and mathematics
as isolated disciplines, STEM education encourages their integration through the analysis
and solution of contextualized problems [5]. Several studies have shown that meaningful
STEM activities allow students to investigate real situations, design technological solutions,
evaluate alternatives, and apply scientific reasoning to address challenges encountered in
their surrounding environment [6,7]. Recent advances in open-source hardware, embedded
systems, and sensors have created new opportunities for the development of educational
technologies that support contextualized STEM learning. Platforms such as Arduino
and ESP8266, together with environmental and agricultural sensors, provide flexible and
affordable solutions for designing electronic systems capable of monitoring physical and
environmental variables [4].

In parallel, block-based visual programming environments have significantly reduced
the complexity associated with introductory programming. Platforms such as mBlock
allow novice users to develop applications through graphical programming blocks instead
of text-based programming languages [8]. This approach facilitates the configuration of
sensors, acquisition of environmental data, control of electronic devices, and visualization
of experimental results while lowering the entry barrier for students with limited program-
ming experience. Consequently, visual programming has become an effective interface for
integrating hardware platforms into STEM education.

Most existing studies focus either on isolated hardware developments or on educa-
tional experiences, whereas limited attention has been given to integrated educational
prototypes that combine customized electronic boards, sensor technologies, and visual
programming within a unified platform for contextualized STEM activities [9]. This gap
limits the availability of validated technological solutions that can be readily adopted by
educational institutions.

Unlike general-purpose educational electronics platforms that typically require the
assembly and configuration of separate microcontroller boards, sensor modules, com-
munication components, and programming libraries, the proposed prototype was con-
ceived as an integrated hardware—software platform for contextualized STEM activities. Its
technical contribution lies in the coordinated development of three dedicated electronic
boards—the Agriculture Board, Environment Board, and Aquaculture Board—together
with sensor-specific interfaces and customized mBlock extensions and programming blocks.
This architecture provides a unified interface between physical sensing, data acquisition,
communication, and block-based visual programming. The contribution of this study
is therefore focused on the design, implementation, integration, and functional verifica-
tion of the complete prototype rather than on demonstrating educational effectiveness or
metrological performance.

Therefore, the objective of this study was to design, implement, and functionally verify
an educational prototype with a visual programming interface for contextualized STEM ac-
tivities. The proposed prototype integrates three customized educational electronic boards
for agriculture, environment, and aquaculture, together with sensors and customized pro-
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gramming blocks developed for the mBlock environment. The functional verification was
conducted in a real classroom environment through STEM activities involving soil moisture
monitoring, air quality assessment, and water turbidity measurement.

The main contribution of this work is the development of an integrated educational
technology platform that combines open-source hardware, customized electronic boards,
sensors, and a visual programming interface within a single educational ecosystem. Unlike
previous studies that primarily focus on either hardware implementation or classroom ap-
plications, this work presents the complete engineering process, from prototype design and
implementation to functional verification in an authentic educational setting. The results
demonstrate the technical feasibility of integrating hardware and software components to
support contextualized STEM activities and provide a reusable technological platform for
future educational and research applications.

The educational electronic boards used in the present study are the same hardware
boards previously reported by the authors. However, the present study addresses a differ-
ent and more specifically delimited contribution, focusing on their integrated hardware—
software architecture, implementation with customized mBlock extensions, and functional
verification at the hardware, software, and integrated-system levels. Accordingly, the
contribution reported here does not arise from the development of new board designs,
but from the technical integration and functional-verification framework examined in the
present study.

The remainder of this paper is organized as follows. Section 2 reviews the related
literature on STEM education, block-based programming, open-source hardware, and
educational prototype verification. Section 3 describes the design and implementation
of the proposed hardware and software components. Section 4 presents the functional
verification of the prototype and its classroom demonstration through contextualized
STEM activities. Finally, Section 5 summarizes the main conclusions and outlines future
research directions.

2. Literature Review
2.1. STEM Education and the Integration of STEM Disciplines

The primary purpose of education is to enable individuals to apply knowledge to
improve their quality of life and address problems within their communities. However,
many students completing higher education encounter difficulties in transferring acquired
knowledge to real-life situations or require extended periods to develop a scientific and
technological perspective aimed at solving societal challenges [10]. In response to this
issue, Science, Technology, Engineering, and Mathematics (STEM) education has gained
increasing attention across educational disciplines and educational levels, particularly
when these areas are integrated into the teaching and learning process [11].

STEM education focuses on the integration of four fundamental disciplines with the
goal of enabling learners to solve real-world problems through interdisciplinary knowledge
and practical application [12]. Nevertheless, integrating these disciplines can be challenging
for many students because it requires critical thinking, mathematical reasoning, technolog-
ical literacy, and the ability to design effective solutions [13]. Consequently, introducing
STEM experiences during the early stages of higher education is considered beneficial, as it
promotes analytical thinking, practical knowledge application, and active participation in
addressing challenges within local and global contexts [14,15].

The STEM acronym encompasses four complementary domains. Science (S) refers to
the systematic study of the natural world through observation, experimentation, and analy-
sis [16]. Technology (T) involves the application of tools, software, technological processes,
and electronic devices to solve problems and improve everyday life [17,18]. Engineering
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(E) is concerned with the design, construction, and optimization of systems, structures,
and technological products through systematic problem-solving approaches [19]. Finally,
Mathematics (M) provides the analytical language and quantitative methods required
for modeling, data analysis, pattern recognition, and problem-solving across the other
STEM disciplines.

From an educational perspective, STEM is understood as an interdisciplinary approach
that integrates engineering and technology to enhance the learning of science and mathe-
matics while promoting active student participation [7]. Contemporary STEM education
emphasizes student-centered learning, collaborative work, interdisciplinary integration,
and the application of knowledge to authentic situations across all educational levels [20,21].
However, several authors argue that STEM integration should not be regarded as an end in
itself. Rather, meaningful integration should be guided by authentic problems and explicit
learning objectives, since increasing the level of disciplinary integration alone does not
necessarily produce better educational outcomes [6].

Researchers have identified three essential characteristics of effective STEM education:
the reduction in traditional disciplinary boundaries, the meaningful integration of STEM
disciplines, and the development of learning activities situated in real-world contexts;
consequently, STEM education is closely associated with educational methodologies such
as problem-solving, problem-based learning, and project-based learning, where students
investigate authentic challenges using technological resources, including both software and
hardware tools [22]. Through these experiences, learners assume active roles as innovators,
designers, logical thinkers, and technologically literate individuals capable of proposing
sustainable solutions [23].

Globally, STEM education is viewed from complementary perspectives. On one hand,
it is considered an economic imperative because modern societies require professionals
capable of working in technology-driven and highly competitive environments. On the
other hand, it is regarded as a social imperative that prepares responsible citizens to address
environmental, technological, and societal challenges through informed decision-making
and innovation [24].

In the present study, STEM education is understood as an interdisciplinary approach
in which science, technology, engineering, and mathematics are integrated through con-
textualized problem-solving activities supported by open-source hardware, sensors, and a
visual programming interface. Under this perspective, students interact with real-world
data acquired from electronic sensors, develop technological solutions through block-based
programming, and analyze experimental results within authentic learning environments.

Overall, the reviewed literature indicates that successful STEM implementation de-
pends not only on integrating multiple disciplines but also on providing authentic contexts,
appropriate technological resources, and opportunities for active experimentation. These
principles constitute the conceptual foundation of the proposed educational prototype,
which integrates customized electronic boards, environmental sensors, and a visual pro-
gramming interface into a single platform for developing contextualized STEM activities.

2.2. Educational Technologies with Block-Based Programming Interfaces

Block-based programming environments have become one of the most widely adopted
educational technologies for introducing programming, computational thinking, and STEM
concepts to novice learners. By replacing text-based syntax with graphical programming
blocks, these environments reduce programming complexity and enable students to fo-
cus on algorithmic reasoning, logical thinking, and problem solving [25]. Consequently,
block-based programming has become an effective approach for supporting introductory
programming courses and technology-enhanced STEM education.
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Among the most widely adopted educational platforms is MIT App Inventor, orig-
inally developed by Google and currently maintained by the Massachusetts Institute of
Technology (MIT). App Inventor enables users to develop Android applications through
a graphical drag-and-drop interface while incorporating fundamental programming con-
structs such as variables, loops, and conditional statements. Its cloud-based environment
and integrated emulator facilitate application development and testing without requiring
extensive programming experience, making it an effective tool for introducing computa-
tional thinking and mobile application development [26].

Another widely used educational platform is mBlock, which was specifically devel-
oped to support STEM education through the integration of block-based and text-based
programming [22]. Unlike traditional visual programming environments, mBlock supports
the programming of Arduino boards, educational robots, Internet of Things (IoT) devices,
and artificial intelligence (AI) applications within a unified development environment.
Furthermore, recent versions allow the creation of customized extensions and Python 3.12
based functionalities, enabling developers to incorporate new hardware devices and edu-
cational applications into the platform [27]. These capabilities make mBlock particularly
suitable for educational environments that require direct interaction between programming
interfaces and electronic systems.

Open-source hardware platforms, particularly Arduino, are commonly integrated with
block-based programming environments because of their flexibility, accessibility, and ease
of use [28]. Arduino enables students to design electronic circuits, interface sensors and
actuators, and implement embedded applications while gaining practical experience in elec-
tronics, automation, data acquisition, and control systems. Such experiences also introduce
students to emerging technological concepts associated with Industry 4.0, including the
Internet of Things (IoT), cloud computing, machine learning, big data, and cybersecurity.

Sensors represent another essential component of educational electronic platforms.
These devices convert physical or chemical phenomena into digital signals that can be
processed by embedded systems, enabling the monitoring of variables such as temperature,
humidity, pressure, light intensity, air quality, distance, noise, and motion. Their integration
with open-source hardware platforms allows students to acquire and analyze real-world
data while developing practical engineering solutions for applications in agriculture, envi-
ronment, industry, and other technological domains.

Several studies have demonstrated that block-based programming environments pro-
vide an effective and cost-efficient approach for teaching programming and computational
thinking to students with limited computing backgrounds [25]. Platforms such as Scratch,
App Inventor, and mBlock have been successfully applied to develop interactive projects
integrating mathematics, science, engineering, and technology while promoting creativ-
ity, collaboration, and algorithmic reasoning [29,30]. In addition, educational robotics
has shown positive effects on computational thinking and teamwork; however, the rela-
tively high cost of commercial robotic platforms often limits their adoption, particularly in
resource-constrained educational institutions [31-34].

An alternative approach consists of developing customized educational hardware
based on open-source microcontrollers such as Arduino and ESP8266. Previous studies in-
dicate that personalized hardware platforms can provide learning experiences comparable
to commercial educational robotics while significantly reducing implementation costs [31].
Moreover, customized platforms offer greater flexibility for integrating specific sensors,
communication modules, and educational applications tailored to local learning contexts.

Overall, the reviewed literature demonstrates that block-based programming envi-
ronments, open-source hardware, and sensors constitute complementary technologies for
supporting contextualized STEM education. However, most previous studies focus on
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individual software platforms, commercial robotics, or isolated hardware implementa-
tions. Comparatively fewer studies describe integrated educational platforms that combine
customized electronic boards, sensor technologies, and visual programming extensions
within a unified ecosystem. This gap motivates the present study, which proposes the
design, implementation, and functional verification of an educational prototype integrating
customized electronic boards and mBlock extensions to support contextualized STEM
activities in authentic classroom environments.

2.3. Open-Source Hardware for Contextualized STEM Educational Applications

Open-source hardware platforms based on low-cost microcontrollers, such as Arduino,
have significantly expanded opportunities for developing educational technologies because
of their affordability, flexibility, and ease of integration with sensors, actuators, and com-
munication modules. These characteristics have made open-source hardware an attractive
alternative for designing educational prototypes that support hands-on STEM learning.
Barbosa [35] reported that the functionality of Arduino-based platforms can be extended
through modular shields, allowing additional hardware capabilities to be incorporated into
a single electronic platform. Similarly, Rahman [36] developed an Arduino-based shield for
acquiring bioelectrical signals, including ECG, EMG, EEG, and EOG, demonstrating the
adaptability of open-source hardware for specialized sensing applications. Plaza [37] fur-
ther emphasized the educational value of modular electronic platforms, highlighting their
ability to facilitate practical STEM activities through the integration of science, technology,
engineering, and mathematics.

In the field of agriculture, open-source hardware has been extensively employed for
monitoring environmental variables and implementing precision agriculture solutions.
Bhadani and Vashisht [38] developed an Arduino-based monitoring system capable of mea-
suring air temperature, relative humidity, and soil moisture using DHT11 and FC28 sensors.
Likewise, Prasojo [39] proposed an automated irrigation system integrating soil moisture
sensors, relay modules, and solenoid valves to optimize water consumption during dry
seasons. Beyaz and Giil [40] evaluated low-cost light sensors, including the TSL2561,
BH1750, and TEMT6000, for monitoring artificial illumination in controlled agricultural
environments. Tuysuzoglu [41] combined Arduino Uno with multiple environmental sen-
sors and machine-learning techniques to estimate soil temperature profiles, while Poojitha
et al. developed an IoT-based smart agriculture platform incorporating Arduino Uno,
environmental sensors, wireless communication, and cloud-based monitoring. Similarly,
Botero-Valencia [42] designed a low-cost meteorological station integrating renewable
energy, wireless communication, and environmental sensing for precision agriculture.

Open-source hardware has also demonstrated considerable potential in aquaculture
applications. Saha [43] proposed an IoT-based monitoring system integrating Arduino
Uno, water-quality sensors, Raspberry Pi, and mobile technologies for monitoring water
temperature, pH, electrical conductivity, and watercolor. Likewise, Riansyah [44] devel-
oped an aquaponics monitoring system incorporating pH and total dissolved solids sensors
together with automated fish feeding based on Arduino and ESP8266 technologies. Sar-
war [45] presented a real-time monitoring platform for aquaculture management capable
of measuring water level, temperature, pH, and dissolved oxygen through Arduino-based
embedded systems and wireless communication.

Environment has become another important application area for open-source hard-
ware. Sunny [46] developed an indoor environment system integrating DHT22 sensors,
particulate matter sensors (PM1.0, PM2.5, and PM10), and CO, sensors to evaluate indoor
air quality.
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Although these studies demonstrate the versatility of open-source hardware in agri-
culture, aquaculture, and environment, most developments have focused on specific ap-
plications or isolated monitoring systems. Comparatively fewer studies have reported
the development of integrated educational platforms that combine customized electronic
boards, multiple sensor technologies, and visual programming environments specifically
designed for contextualized STEM education. Moreover, existing educational implementa-
tions generally rely on commercial development boards or generic programming environ-
ments without providing customized software extensions that facilitate direct interaction
between students and sensor-based systems.

Overall, the reviewed literature confirms that open-source hardware, sensors, and IoT
technologies provide an appropriate technological foundation for contextualized STEM ed-
ucation. However, a gap remains in the development of integrated educational prototypes
that combine customized electronic boards, sensor technologies, and visual programming
within a unified platform. This gap provides the technological motivation for the present
study, which proposes the design, implementation, and functional verification of an edu-
cational prototype integrating three customized electronic boards and dedicated mBlock
extensions to support contextualized STEM activities in authentic classroom environments.

2.4. Functional Verification of Educational Technology Prototypes in Real-World Environments

From a technological development perspective, one of the major challenges in STEM
educational technologies is demonstrating that educational prototypes operate reliably un-
der authentic application conditions. While numerous studies report pilot implementations
or laboratory-based experiments, comparatively fewer investigations describe systematic
functional verification processes carried out in real educational environments. Such veri-
fication is essential to confirm that hardware and software components operate correctly
before educational technologies can be adopted in classroom settings [47].

Educational technology prototypes generally evolve through successive stages of
technological maturity, progressing from conceptual design and laboratory testing to-
ward implementation in operational environments. During these stages, prototypes must
demonstrate stable operation, correct communication between hardware and software,
and adequate performance under realistic conditions before broader educational deploy-
ment can be considered [48,49]. Consequently, functional verification represents a critical
stage in the development of educational technologies because it provides evidence that the
proposed system satisfies its intended technical requirements.

Functional verification of electronic prototypes can involve testing at different levels
of system integration to confirm the correct operation of individual components and their
interaction within the integrated system [50]. In educational electronic systems, these
aspects are particularly important because failures in hardware or software integration may
compromise classroom activities and reduce the usability of the proposed technology.

Beyond technical performance, implementing prototypes in authentic educational en-
vironments provides an opportunity to evaluate their operational feasibility under realistic
classroom conditions. Factors such as classroom organization, availability of technological
resources, user interaction, connectivity, and instructional time may influence prototype per-
formance and reveal practical limitations that are not evident during laboratory testing [51].
Consequently, classroom deployment complements laboratory verification by demonstrat-
ing whether the proposed technology can be integrated into regular teaching activities.

Recent studies have emphasized the importance of systematically documenting the
engineering process associated with educational technologies, including hardware design,
software implementation, prototype verification, and classroom deployment. Such docu-
mentation contributes to prototype reproducibility, continuous technological improvement,
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and future technology transfer to educational institutions [52]. Furthermore, systematic
functional verification provides the technical evidence required to support subsequent
developments and larger-scale educational implementations.

Although previous studies have reported educational applications based on open-
source hardware, relatively few investigations describe the complete engineering workflow
encompassing prototype design, implementation, customized software development, func-
tional verification, and classroom deployment within a single educational platform. This
limitation is particularly evident in systems integrating customized electronic boards, sen-
sors, and visual programming interfaces. Therefore, the present study addresses this gap by
presenting the design, implementation, and functional verification of an educational proto-
type that integrates customized electronic boards, sensor technologies, and mBlock-based
visual programming to support contextualized STEM activities in an authentic university
classroom environment.

Based on the functional-verification approaches identified in the reviewed literature,
the verification protocol adopted in this study was structured to examine the prototype
at complementary hardware, software, and integrated-system levels. At the hardware
level, the procedure considered PCB continuity, power-architecture compatibility, and
processor/firmware operation where documented. At the software level, the execution
of the customized mBlock extensions was examined using the Environment Board as a
representative implementation. Finally, integrated functional verification examined the
interaction among the educational boards, sensors, customized programming blocks, and
visual interface under the reported implementation conditions. This protocol is described
in detail in Section 3.

3. Design and Implementation of the Proposed Educational Prototype
3.1. Overall Architecture

The proposed educational prototype was designed as an integrated technological
platform that combines open-source hardware, customized educational electronic boards,
sensors, and a block-based programming interface. The prototype was conceived to support
contextualized STEM activities by enabling students to acquire environmental data, process
sensor measurements, and develop technology-based solutions through visual program-
ming. Figure 1 presents the overall architecture of the proposed educational prototype.

The prototype consists of two complementary components: a hardware component
and a software component. The hardware component comprises three customized edu-
cational electronic boards designed for agriculture, aquaculture, and environment. Each
board integrates a microcontroller, communication interfaces, environmental sensors, actu-
ators, and visualization elements that enable students to acquire and analyze real-world
data. The software component is based on the mBlock visual programming environment,
version 5.4.3 (Makeblock Co., Ltd., Shenzhen, China), and incorporates customized exten-
sions, graphical programming blocks, communication libraries, and device drivers that
enable interaction between the educational boards and the connected sensors without
requiring prior knowledge of text-based programming languages.

The development of the proposed prototype was supported by an extensive review
of scientific publications, technical reports, and previous technological developments
related to open-source hardware, educational electronics, and block-based programming
environments, following the recommendations of Trilles et al. [53]. Furthermore, studies
in Educational Robotics, Computational Thinking, and STEM education were analyzed
to identify the functional and educational requirements of the proposed platform. In
particular, the systematic review and meta-analysis reported by Fidai et al. [54] provided
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useful evidence regarding the implementation of block-based programming technologies
in educational contexts.
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Figure 1. Overall architecture of the proposed educational hardware—software prototype for contex-
tualized STEM activities.

The engineering process was organized through a structured sequence of design,
implementation, integration, and functional verification activities. The Design Science
Research (DSR) framework [55] served as a conceptual reference for the development of
the technological artifact. For the hardware component, the development workflow com-
prised functional design, electronic design, PCB fabrication and assembly, and functional
verification. For the software component, a sequential workflow comprising requirements
specification, extension architecture design, coding and integration, and functional verifi-
cation was adopted. These workflows provided a structured development process while
allowing the prototype to be adapted to the requirements of contextualized STEM activities.

Based on this overall architecture, the following subsections describe the engineering
process adopted for the development of the proposed educational prototype. Section 3.2
presents the hardware design and implementation, including functional design, electronic
design, PCB fabrication, assembly, and operational testing. Section 3.3 describes the
software architecture, the development of the customized mBlock extensions, and their
functional verification.

3.2. Hardware Design and Implementation

The hardware component was developed following a structured engineering work-
flow comprising functional design, electronic design, PCB implementation, fabrication
and assembly, and functional verification. The workflow was applied consistently to the
three educational electronic boards developed for agriculture, environment, and aquaculture.
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The hardware development process ¢”mpri’ed four sequential stages: (i) functional de-
sign, (ii) electronic design, (iii) PCB fabrication and assembly, and (iv) hardware functional
verification. Figure 2 illustrates the engineering workflow adopted for the development of
the proposed hardware platform.
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Figure 2. Hardware design, implementation, and functional verification workflow of the proposed
educational prototype.

3.2.1. Functional Design

The functional design stage defined the technical requirements of the educational
prototype according to the intended STEM applications in agriculture, environment, and
aquaculture. At this stage, the physical variables to be measured, the sensing devices, com-
munication interfaces, power requirements, and educational functionalities were identified
before the electronic implementation of the system.

A modular hardware architecture was adopted to maximize flexibility and facilitate
future expansion. Although the three educational boards were developed for different appli-
cation domains, they share a common hardware architecture composed of a microcontroller,
power regulation circuitry, communication interfaces, sensor connectors, display modules,
and expansion ports. This modular approach simplifies maintenance, reduces development
costs, and enables the integration of additional sensors for future educational applications.

The environment board was designed to acquire atmospheric variables, including
temperature, relative humidity, atmospheric pressure, air quality, carbon dioxide concen-
tration, ultraviolet radiation, sound level, and light intensity. The aquaculture board was
intended to monitor water-quality parameters, such as water temperature, pH, and turbid-
ity, whereas the agriculture board focused on soil moisture and environmental variables
associated with crop monitoring. These functional specifications established the basis for
the subsequent electronic design and hardware implementation stages.
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3.2.2. Electronic Design

Following the definition of the functional requirements, the electronic design stage
focused on developing the circuit architecture for each educational board. Electronic
schematics were created by selecting and interconnecting the microcontroller, communica-
tion modules, environmental sensors, signal conditioning circuits, voltage regulation units,
display devices, and peripheral components required for each application.

The electronic architecture was organized into six functional modules: processing,
power management, communication, sensor acquisition, actuation, and visualization. This
modular organization improved circuit readability, simplified debugging, and facilitated
hardware scalability while ensuring electrical compatibility among all integrated components.

The electronic schematics and printed circuit board (PCB) layouts were developed
during 2023 using the web-based EasyEDA electronic design automation platform (JLC
Group, Shenzhen, China; https:/ /easyeda.com/editor, accessed on 15 September 2026).
During this process, electrical connections, pin assignments, communication buses (UART,
I2C, and SPI), and power distribution were validated before PCB fabrication.

3.2.3. PCB Fabrication and Assembly

Based on the validated electronic schematics, dedicated printed circuit boards (PCBs)
were designed for the three educational applications. The PCB layout considered com-
ponent placement, routing optimization, connector positioning, power distribution, and
accessibility of external interfaces to facilitate classroom experimentation.

After completing the PCB design, the boards were manufactured and assembled by
integrating microcontrollers, wireless communication modules, environmental sensors,
voltage regulators, connectors, passive components, and display modules. Each board was
then inspected to verify soldering quality, electrical continuity, and mechanical integrity
before functional testing.

The resulting hardware consists of three customized educational electronic boards ded-
icated to environment, aquaculture, and agriculture, respectively (Figure 2). The use of ded-
icated PCBs reduced the need for external wiring and provided a more integrated hardware
configuration during classroom activities, thereby simplifying the physical interconnection
of the electronic components. Furthermore, the modular design enables future hardware
upgrades through the incorporation of additional sensors and communication modules.

3.2.4. Hardware Functional Verification

Following PCB fabrication and assembly, a systematic hardware functional verification
procedure was conducted to confirm the electrical integrity and operational performance
of the developed educational boards before software integration and classroom implemen-
tation. The verification process was designed to ensure that the hardware complied with
the design specifications and operated correctly under normal conditions. The verification
consisted of three complementary stages:

PCB Continuity Verification

The first stage evaluated the electrical continuity of the printed circuit board (PCB)
using a digital multimeter (Fluke Corporation, Everett, WA, USA) operating in continuity
mode. Measurements were performed on the 5V, 3.3 V, and ground distribution traces to
detect possible open circuits or unintended short circuits resulting from PCB fabrication or
component assembly.

As illustrated in Figure 3, the continuity test confirmed the electrical integrity of the
PCB traces, indicating that the power distribution network was correctly implemented
before energizing the board.
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Figure 3. PCB continuity verification of the Aquaculture Board using a digital multimeter.

Power Supply Verification

The hardware functional verification included continuity /impedance checks of the
PCB connections associated with the 5V, 3.3 V, and ground lines using a digital multimeter.
These tests were performed to identify unintended open circuits or short circuits in the
assembled electronic boards. In addition, the power architecture was checked for compati-
bility with the specified operating-voltage ranges of the installed electronic components.
The voltage values reported in Table 1 therefore correspond to the specified operating
requirements of the components and should not be interpreted as a complete record of
experimentally measured supply voltages.

Table 1. Specified operating-voltage requirements of the main electronic components used in the

educational boards.
Electronic Device Specified Operating Voltage/Range (VDC)

DS3231 Real-Time Clock 3.3-5.0 VDC
OLED Display 3.0-5.5 VDC
SD Card Module 3.3-5.0 VDC
Buzzer 3.3-8.0 VDC

Arduino Nano 5.0 vDC

ESP8266 Wi-Fi Module 3.3VDC

The verification confirmed PCB continuity and the compatibility of the nominal 5V
and 3.3 V power architecture with the specified operating-voltage requirements of the
installed components. A complete retained record of experimentally measured voltages at
each component was not available.

Firmware Upload and Operational Verification

The final stage consisted of uploading the test firmware to the Arduino Nano micro-
controller and verifying the correct operation of the embedded electronic modules.

As shown in Figure 4, the successful execution of the firmware confirmed the correct
operation of the Arduino Nano, OLED display, ESP8266 communication module, SD-card
interface, and peripheral circuits integrated into the educational board. This procedure
also verified the communication between the microcontroller and the connected hardware
before integrating the customized mBlock extensions.

https://doi.org/10.3390/electronics15184329


https://doi.org/10.3390/electronics15184329

Electronics 2026, 15, 4329

13 of 32

MABILITA  MABILITA
S CARD  BUZIER

Set'
MOOULO wi-r) LED RGE

AAREEIR Y

)

I S v

oo A r——&‘ﬂ&d ‘ (A iidhg =

1 -
—— . e

OLEC

YAKU KAWSAY

3

Figure 4. Firmware upload and operational verification of the Aquaculture Board.

The hardware verification procedures were successfully completed for the Agriculture

Board, Environment Board, and Aquaculture Board. The results confirmed the electrical

integrity of the printed circuit boards, correct power distribution, and proper operation

of the embedded hardware components, providing a correct platform for the subsequent

software implementation and classroom functional verification.

To improve the traceability of the hardware functional verification, the available labo-

ratory test evidence was consolidated into a verification matrix, as shown in Table 2. The

matrix summarizes the main hardware functions evaluated for the three educational boards,

including PCB continuity /impedance checks, compatibility of the power architecture with

the operating-voltage requirements of the installed components, and, where documented,

processor and firmware operation. For each verification item, the test procedure, acceptance

criterion, observed result, available test record, and corresponding outcome are reported.

Table 2. Hardware functional-verification matrix for the three educational boards.

Board Function/ Test Procedure Acceptance Observed Result Available Test Outcome
Requirement Criterion Record
C;)ﬁ‘etgf:;l?;/ éf{\/p?e’%a\r}ce No unintended PCB connections
Agriculture  PCB electrical and ground—r%lated/ op en.?r .Shto}f t ax(e;rr%fr}f eiléetie Technical report, Pass
Board continuity PCB connections Clrcmls n d € imol 8 d Figure S2 (p. 4)
using a digital evaluate Implemente
multimeter connections circuit
Supply architecture 5Vand 33V Compatibility
Agriculture Power che:c'ked aga1n§t archlt%clture' N with the specified Technical report, b
Board architecture specified operating compatible wit component Table S1 (p. 4) ass
ranges of installed component operatmg ranges p-
components requirements was verified
Continuity /impedance No unintended PCB connections Technical report,
checkson 5V, 3.3V, open or short were checked Sect} on.S1.2
Environment PCB electrical and ground-related pen ts in th according to the (p. 5); individual Pass
Board continuity PCB connections evaloated ol & ted photographic
using a digital cevatuaie mp emente record not
multimeter connections circuit retained
Supply architecture 5Vand 33V Compatibility
. checked against architecture with the specified .
Environment Power o ) - . Technical report,
: specified operating compatible with component Pass
Board architecture ranges of installed component operating ranges Table S2 (p. 6)
components requirements was verified
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Board Fun_ctlon/ Test Procedure Acceptance Observed Result Available Test Outcome
Requirement Criterion Record
Ccoﬁggglzl/ é%pgc?)’a\r}ce No unintended PCB connections
Aquaculture  PCB electrical and ground—r’elated’ °P en'or'short were checked Technical report,
1y - circuits in the according to the . Pass
Board continuity PCB connections luated impl d Figure S5 (p. 7)
using a digital evaluate implemente
multimeter connections circuit
Supply architecture 5Vand 33V Compatibility

Aqueiture power  chedelogint i Wil tho el milrepor,

Board architecture ranges of installed component operating ranges Table S3 (p. 7)

components requirements was verified
Arduino Nano Arduino Nano
Processor powers

Aquaculture Pr(f).cessor and fi powered imc}i d correctly and powered and Technical report,

Board irmware irmware uploade firmware firmware Figure 56 (p. 8) Pass

operation during laboratory t execution was ’
testing executes documented

The available technical records correspond to documented laboratory functional checks
rather than to a repeated-trial reliability campaign. Consequently, complete repetition
counts, failure rates, and long-duration reliability indicators cannot be reconstructed from
the retained records. The results reported in Table 2 should therefore be interpreted as
evidence of successful operational checks under the documented laboratory conditions and
not as evidence of long-term reliability or system stability.

The retained laboratory records document the execution and outcome of the reported
functional checks; however, a complete numerical record of the individual voltage mea-
surements obtained during these tests was not retained. Therefore, no reconstructed
experimental voltage values are reported. The reported verification is limited to the doc-
umented continuity /impedance checks, nominal power-architecture compatibility, and
processor/firmware operation where applicable.

3.3. Software Component Implementation

The customized visual programming extensions were developed and tested using
mBlock version 5.4.3. The extension-development process was performed using the mBlock
5 Extension Builder (Makeblock Co., Ltd., Shenzhen, China; https://ext.mblock.cc, accessed
on 15 September 2026), which was used to define the customized programming blocks and
generate the corresponding .mext extension files. The software architecture extends the
mBlock programming environment through customized extensions, graphical program-
ming blocks, communication libraries, and device drivers that allow students to interact
with sensors and actuators without requiring prior knowledge of text-based programming.

The development focused on creating application-specific programming blocks for the
three educational boards—environment, aquaculture, and agriculture—allowing learners
to initialize sensors, acquire environmental data, control actuators, and visualize mea-
surements through graphical commands. The software implementation incorporated
customized C++ libraries and communication drivers that established interaction between
the programming environment and the hardware platform [56].

Figure 5 illustrates the engineering workflow adopted for the development of the
software component. The workflow comprises four sequential stages: requirements specifi-
cation, block and extension design, coding and integration, and functional verification. This
process enabled the systematic implementation of customized programming extensions
fully compatible with the proposed educational hardware platform.
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Figure 5. Software development workflow for the implementation and functional verification of
customized mBlock extensions: (a) DS18B20 temperature sensor; (b) extension architecture design;
(c) coding and integration; and (d) functional verification.

3.3.1. Requirements Specification

The first stage consisted of identifying the functional requirements of the software
platform according to the educational objectives of the proposed STEM activities. Func-
tional requirements included sensor initialization, environmental data acquisition, actuator
control, serial communication, graphical data visualization, and compatibility with the
three educational electronic boards.

Special attention was given to the design of intuitive graphical programming blocks
that could be easily understood by first-year university students. Each programming block
was associated with a specific hardware function, allowing users to configure sensors,
acquire measurements, and control electronic devices through visual commands rather
than text-based programming.

3.3.2. Extension Architecture Design

The software architecture was designed as a layered extension framework that enables
seamless communication between the proposed educational hardware platform and the
mBlock visual programming environment. Its primary objective is to provide an intu-
itive programming interface through customized graphical blocks that allow students to
interact with sensors and electronic devices without requiring prior knowledge of text-
based programming.

As shown in Figure 6, the architecture is organized into four functional layers that
collectively support communication, data acquisition, and visual programming. This
modular organization improves software maintainability, facilitates the integration of new
sensors and educational boards, and promotes the reuse of software components across
different STEM applications.
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User Interface Layer
Customizable blocks, data visualization,
and sensor configuration

Software Layer
C++ Libraries and Extension Builder

Communication Layer
Protocols: Serial, 12C, UART, SPI
Microcontrollers: Arduino Nano

(ATmega328P) + ESP8266

Hardware Layer
Agriculture, Aquaculture, and
Environmental Monitoring Boards

Figure 6. Architecture of the customized mBlock extension.

The Hardware Layer comprises the educational electronic boards and the associated
sensors and actuators used in agriculture, aquaculture, and environment. These devices
acquire physical and environmental variables and execute control actions through the em-
bedded microcontroller, providing the physical interface between the educational platform
and the surrounding environment.

The Communication Layer establishes correct data exchange between the hardware
platform and the software environment through standard communication protocols, includ-
ing Serial /UART, I?C, and SPI. By abstracting the communication process, this layer enables
efficient interaction between the microcontroller, peripheral devices, and the customized
programming environment while ensuring compatibility among different hardware modules.

The Software Layer contains the customized extensions developed using the mBlock
Extension Builder, together with C++ libraries, communication drivers, and configuration
files required to support the educational boards. This layer translates graphical program-
ming instructions into executable commands that initialize sensors, acquire measurements,
process data, and control the hardware platform.

Finally, the User Interface Layer provides the graphical programming environment
presented to students and teachers. Through customized programming blocks, users can
configure sensors, acquire environmental data, visualize measurements in real time, and
develop STEM applications without writing conventional source code. This layer simplifies
interaction with the educational hardware and facilitates experimentation, programming,
and problem-solving activities within the proposed learning environment.

3.3.3. Extension Coding

After defining the software architecture and the functional requirements of the pro-
gramming blocks, the coding phase was carried out to implement the customized exten-
sions for the three educational electronic boards. The extensions were developed using
the mBlock Extension Builder framework and C++-based libraries, enabling communica-
tion between the visual programming environment and the sensors integrated into the
agriculture, aquaculture, and environment boards.

The implementation process involved the development of customized programming
blocks, communication drivers, sensor libraries, and data acquisition functions. Each
block was designed to perform specific tasks, including sensor initialization, parameter
configuration, data acquisition, signal processing, and visualization of environmental
variables. This approach allowed students to interact with hardware devices through
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graphical programming commands without requiring advanced knowledge of text-based
programming languages.

Table 3 presents the programming blocks developed for the environment educational
board. These customized blocks provide functions for sensor initialization, data acquisition,
and real-time monitoring of variables such as temperature, relative humidity, atmospheric
pressure, air quality, carbon dioxide concentration, ultraviolet radiation, light intensity, and
sound levels.

The coding process also included the implementation of labels in Spanish to facilitate
accessibility and contextualized learning. In addition, debugging and integration tests
were conducted throughout the development process to ensure compatibility between the
software extensions, the mBlock environment, and the educational hardware platform.

Table 3. Customized programming blocks implemented for the Environment Board.

Sensor Programming Block Output Variable Unit Description
Initializes the sensor,
Inicializar sensor - - Cf)nﬁ.gur'es the
communication interface, and
loads the required libraries.
Sensor Acquires the measurements
Empezar lectura de variables - i
measurements provided by the BME680
Sensor.
BME680 Temperatura Relativa (°C) Temperature °oC Returns the measured
- P temperature.
environmental
sensor .
Humedad Relativa (%) Relative humidity % Returns the measured relative
humidity.
T ) Atmospheric hPa Returns the atmospheric
pressure pressure.
Returns the gas-sensor
Calidad de aire (KOhms) Gas resistance kQ) resistance measured by the
BME680.
Returns the estimated
Altitud (metros) Estimated altitude m altitude calculated from
atmospheric pressure.
Initializes the sensor,
[_/ J i ) configures the
. GPn— communication interface, and
BH1750 light sensor loads the required libraries.
(o R : Returns the measured light
[ In '/) Illuminance Ix intensity:
Initializes the sensor and
Inicializar Infrared CO2 en pin ° - - configures the analog
communication pin.
Lectura del Sensor Infrared CO2 Sensor output - Acquires the average sensor
readings.
Voltaje (mv) Voltage mv Returns tf,\gl?;la;og output
DFRobot CO, NDIR ge-
Sensor Returns the CO,
concentration value provided
by the sensor-specific
processing implemented in
2 . the extension. The
Concentracion de CO2
oncentracién de CO2 (ppm) CO; concentration ppm measurement was not

independently calibrated
against a reference CO,
instrument in the present
study.
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Table 3. Cont.

Sensor Programming Block Output Variable Unit Description

Initializes the sensor and
- - configures the analog
communication pin.

Sensor ) Acquires the average sensor
measurements readings.
ML38511 UV sensor R h 1
Voltage v eturns the analog output
voltage.
UV index Index Returns the calculated

ultraviolet index.

Returns the ultraviolet

UV category - exposure category.

Initializes the sensor, defines

Inicializar sensor de sonido en pin A0 » _ _ the analog communica.tion
pin, and calls the required

sensor libraries.

KY-037 sound sensor R h I
Nivel de sonido Analog sensor ADC ez:l;\l;r;:\tteg gnihzgsgitr?c? t
output value & y
Sensor.
Time ms Returns the sampling time

used during acquisition.

communication pin.
Returns the analog response
ADC of the MQ135 sensor.
Quantitative gas
concentration requires
calibration.

MQ135 air quality
sensor
Relative sensor

Lectura del sensor MQ135
response value

o ) ) ) Initializes the sensor and
Inicializar sensor de calidad de aire en pin A3 v _ _ configures the analog

As a result, a set of customized software extensions was obtained, enabling correct
communication between the educational boards and the visual programming environment.
These extensions support the implementation of STEM activities based on real-world data
acquisition, experimentation, and problem-solving in educational contexts.

3.3.4. Functional Verification of Software Extensions with Sensors

The functional verification of the customized software extensions was performed
using the Environment Board as a representative implementation example. This board was
selected to illustrate the interaction between the customized mBlock blocks and multiple
sensor interfaces within the proposed software architecture. The verification focused on the
execution of the graphical programming blocks for sensor initialization, data acquisition,
processing of sensor outputs where applicable, and visualization of the corresponding
sensor responses within the mBlock environment.

For this representative verification, the customized programming blocks were exe-
cuted using the BH1750 light sensor, DFRobot CO, NDIR sensor, ML8511 ultraviolet sensor,
KY-037 sound sensor, and MQ135 air-quality sensor. The original manufacturer information
for some of the commercially available generic sensor modules was not retained in the
project records; therefore, these modules are identified by their model or functional desig-
nation. The procedure included sensor initialization, communication establishment, data
acquisition, variable assignment, and visualization of the corresponding sensor outputs
through the graphical programming interface. Figure 7 presents representative program-
ming sequences used during this software-level functional verification.
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Figure 7. Functional verification of the software extensions using customized programming blocks
for the Environment Board: (a) BH1750 light sensor; (b) DFRobot CO, NDIR sensor; (¢) ML8511
ultraviolet sensor; (d) KY-037 sound sensor; and (e) MQ135 air-quality sensor.

As illustrated in Figure 7, each software extension was verified by executing repre-
sentative programming sequences associated with the corresponding sensor. The tests
confirmed the correct interaction between the customized programming blocks, the com-
munication drivers, and the hardware platform, demonstrating correct acquisition and
visualization of sensor data within the mBlock environment.

The functional verification demonstrated that the developed software extensions pro-
vide a stable interface between the visual programming environment and the Environment
Board, allowing students to interact with environmental sensors through intuitive graphical
blocks. This functionality supports the implementation of contextualized STEM activities
involving environmental monitoring, experimentation, and technology-based problem
solving without requiring conventional text-based programming.

The results obtained with the Environment Board provide a representative example
of the operation of the customized mBlock extension framework with multiple sensor
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interfaces. This software-level verification was intended to demonstrate the execution of
the implemented programming blocks rather than to constitute an exhaustive verification
of all sensors integrated into the three educational boards. The integrated operation of the
Agriculture Board, Environment Board, and Aquaculture Board is addressed separately in
Section 4.3.

4. Functional Verification of the Proposed Educational Prototype in a
Real-World Classroom Environment

The classroom implementation involved 69 first-year Nursing students enrolled in the
Introduction to the Experimental Method course at the Universidad Nacional Auténoma de
Tayacaja Daniel Herndndez Morillo (UNAT) during the 2025 academic year. The implemen-
tation was conducted over 16 academic weeks, comprising 16 weekly sessions of four hours
each. Students worked collaboratively in groups of approximately five members under
continuous instructor supervision and received ongoing technical and methodological
guidance throughout the activities. One unit of each educational board—the Agriculture
Board, Environment Board, and Aquaculture Board—was available for the classroom imple-
mentation and was shared among the student groups during the corresponding activities.
Previous programming experience was not used as a participant-selection criterion and
was not formally assessed as part of the present study.

The classroom activities followed a project-based learning approach organized into
four sequential phases: Problem Understanding, Activity Development, Activity Execution,
and Solution Review. Contextualized activities addressing agriculture, environmental
monitoring, and aquaculture were developed using the corresponding educational boards
and associated sensors. During the Activity Execution phase, students were introduced
to visual programming using mBlock and used the customized programming blocks to
interact with the educational boards and their associated sensors. The block-based interface
enabled the construction of programming sequences without requiring conventional text-
based programming syntax.

During the classroom implementation, students initialized the sensors, acquired and
visualized sensor data through the customized mBlock programming blocks, and inter-
preted the resulting sensor responses within the context of the corresponding activities. This
implementation provided a real classroom scenario for examining the functional interaction
among the Agriculture Board, Environment Board, Aquaculture Board, associated sensors,
customized software extensions, and visual programming interface. In particular, the class-
room activities provided an operational setting for verifying sensor data acquisition and
visualization, execution of the customized programming blocks, and hardware-software
interaction under the reported implementation conditions.

It should be emphasized that the classroom implementation was intended to examine
the functional operation and practical feasibility of the proposed educational prototype
under real classroom conditions rather than to evaluate learning outcomes or educational
effectiveness. Consequently, no educational outcomes related to research competencies,
computational thinking, STEM competencies, or other educational constructs are reported
or interpreted as part of the functional-verification results presented in this study.

Table 4 summarizes the contextualized STEM activities implemented during the
classroom verification process, together with the corresponding educational boards, sensors,
and customized programming blocks.

https:/ /doi.org/10.3390/ electronics15184329


https://doi.org/10.3390/electronics15184329

Electronics 2026, 15, 4329

21 of 32

Table 4. Contextualized STEM activities used for the functional verification of the proposed educa-
tional prototype.

Contextualized STEM Activity Educational Board and Sensor Customized Programming Blocks

Monitoring soil moisture for crop
cultivation in a local agricultural area.
Students acquired soil-moisture
measurements using the Agriculture
Board and analyzed the sensor

output through the customized Agriculture Board and Capacitive
mBlock interface.

Inicia sensor en pin A0 v

Soil Moisture Sensor

Monitoring environmental
conditions associated with smoke
generated by agricultural burning.
Students acquired MQ135 sensor

responses and visualized the

measurements using customized Environment Board and MQ135 Gas
programming blocks. Sensor

Lectura del sensor MQ135

Humedad de suelo %

Monitoring water turbidity in local
drinking-water sources. Students
acquired turbidity measurements
using the Aquaculture Board and

analyzed the sensor output through

Leer la data no procesada en pin AQ v

Inicializar sensor de calidad de aire en pin A3 v

Data procesada (Voltios)

the customized mBlock interface. Aquaculture Board and Water

Turbidity Sensor.

4.1. Development of Classroom Activities

Several classroom activities were implemented with first-year university students
following a four-stage problem-solving methodology consisting of problem understanding,
activity development, activity execution, and solution review. These activities were de-
signed to verify the operational use of the proposed educational prototype while engaging
students in contextualized STEM tasks involving environmental monitoring, sensor-based
experimentation, and visual programming.

As an illustrative example, the activity entitled “Monitoring Water Turbidity in
Drinking-Water Sources Using Sensors” is presented. Students used the Aquaculture
Board, a water turbidity sensor, and the customized programming blocks developed for the
mBlock environment. The activity was conducted under authentic classroom conditions
to demonstrate the interaction between the educational board, the sensor, and the visual
programming interface during the acquisition and visualization of environmental data.

Problem Understanding:

During this stage, students explored scientific information related to water quality
and turbidity using academic databases, including Google Scholar and Scopus, together
with ChatGPT GPT-40, OpenAl, San Francisco, CA, USA) as a generative assistant for
organizing and summarizing information. Information generated with ChatGPT was not
used as an independent scientific source. Students were instructed to contrast Al-generated
information with scientific publications retrieved from academic databases and search
engines. The verification process involved comparing the main concepts and statements
generated by the Al tool with information reported in the consulted scientific literature,
under instructor supervision. Only information that could be supported by the consulted
academic sources was incorporated into the classroom activities.
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Students identified water turbidity as the study variable and analyzed published
information describing factors associated with water quality. Based on this information,
each group prepared a cause-and-effect diagram to organize the relationships reported in
the literature.

As illustrated in Figure 8, the resulting diagram summarizes literature-based fac-
tors associated with water turbidity in drinking-water sources. Rather than representing
measured relationships obtained during this study, the diagram synthesizes information
reported in previous publications concerning possible causes of increased turbidity and its
reported environmental and drinking-water quality implications. The literature references
visible within the diagram correspond to sources consulted and incorporated by the stu-
dents during the activity and are shown only as part of the original artifact. They should
therefore not be interpreted as references used by the authors to support the findings or
claims of the present study. This activity enabled students to identify the study variable,
interpret scientific information, and define the technological problem addressed during the
subsequent implementation stages.

Cr\U SE S OLAIZ, 2019 ORTEGA & RUIZ, 2021

Limited coverage and Inadequate hygiene practices in
NESTARES, 2024 effectiveness of water treatment households, such as insufficient BENITES ET AL, 2024
and monitoring systems in rural handwashing or poor cleaning of
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Figure 8. Cause-and-effect diagram developed by students from the literature review on water
turbidity. The author—year references visible within the diagram are part of the students’ original
work and are reproduced as they appeared in the classroom artifact; they are not citations introduced
by the authors of this manuscript.

Design Activities:

During this stage, students reviewed scientific and technological publications related
to sensor-based water-quality monitoring and similar educational developments. Academic
sources, including Google Scholar and Scopus, together with ChatGPT as a generative
assistant, were consulted to identify existing technological solutions and implementation
strategies. Information generated by ChatGPT was contrasted with scientific publications
before being incorporated into the activity.

Based on the reviewed information, students defined the sequence of tasks required
to implement the proposed educational prototype using the Aquaculture Board and the
water turbidity sensor. The planned activities included:

- Identifying representative locations associated with water quality in the Atocc
water source.
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- Selecting the electronic components required for the activity, including the Aquacul-
ture Board and the water turbidity sensor.

- Developing a visual programming application in mBlock to acquire and display
turbidity-related sensor data.

- Constructing a physical model representing the water distribution system.

- Integrating the hardware and software components to verify the acquisition and
visualization of sensor data.

Implementation Activities:

During this stage, students implemented the planned activities and operated the
proposed educational prototype using the Aquaculture Board, the water turbidity sensor,
and the customized programming blocks developed for the mBlock environment.

As shown in Figure 9a, students developed a visual programming application that
acquires sensor data and displays the corresponding variables through an interactive
graphical interface. The application integrates customized characters, graphical elements,
and explanatory messages to facilitate the interpretation of the acquired sensor readings
during the classroom activity.

Low turbidity allows light

to pass through the water
easily, indicating a low
concentration of suspended
solids. 5

T 7 o s s
.79 5 6 i
[ ]
z i 9 5
O R 5 5 5;,’; A

(@) (b)

Figure 9. Functional implementation of the proposed prototype: (a) customized mBlock application
and (b) integration of the Aquaculture Board with the physical model.

Figure 9b illustrates the physical model developed by the students to simulate a local
water distribution system. The prototype integrates the Aquaculture Board, the water
turbidity sensor, the customized mBlock application, and water samples with different
turbidity conditions. This implementation provided a classroom scenario for verifying the
interaction between the hardware platform, the customized software extensions, and the
visual programming interface during real-time data acquisition and visualization.

Solution Review:

During the final stage, each student group reviewed the operation of the proposed edu-
cational prototype by executing the customized programming blocks, acquiring sensor data,
and observing the interaction among the Aquaculture Board, the water turbidity sensor,
the physical model, and the mBlock application. Students compared the acquired mea-
surements under different water conditions and examined the behavior of the integrated
hardware and software components throughout the activity.
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As illustrated in Figure 10, students demonstrated the operation of the proposed
prototype by integrating the Aquaculture Board, the customized mBlock application, the
water turbidity sensor, and the physical model developed during the implementation
stage. This classroom activity provided an opportunity to verify the functional operation of
the educational prototype under authentic classroom conditions and to identify practical
aspects related to system operation, sensor integration, and possible improvements for

future versions of the platform.

Figure 10. Classroom functional verification of the proposed prototype using the Aquaculture Board.

The review stage also enabled students to discuss the observed sensor responses,
compare the acquired data with the expected behavior of the prototype, and reflect on the
applicability of the proposed platform for supporting contextualized STEM activities based
on environmental monitoring.

4.2. Integration of STEM Disciplines During the Functional Verification of the Educational Boards

Table 5 summarizes how the four STEM disciplines were integrated during the class-
room implementation of the proposed educational prototype. The activities were devel-
oped using the Agriculture Board, Environment Board, and Aquaculture Board, allowing
students to investigate contextualized problems, acquire real-time sensor data, develop
visual programming applications in mBlock, construct physical models, and analyze the
measurements obtained during the functional verification of the prototype. This interdis-
ciplinary approach enabled the hardware platform, software extensions, and customized
programming blocks to be used within authentic STEM learning activities under real
classroom conditions.
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Table 5. Integration of STEM disciplines during the functional verification of the Agriculture,

Environment, and Aquaculture Boards.

STEM Discipline

Agriculture Board

Environment Board

Aquaculture Board

Science

Search and analysis of
information on soil moisture,
plant water requirements, and
spinach cultivation.
Identification of soil moisture as
the study variable and
development of a
cause-and-effect analysis
associated with the agricultural
problem.

Search and analysis of
information on air quality,
smoke generated by hillside
burning, and environmental
implications. Identification of
air quality as the study variable
and development of a
cause-and-effect analysis
associated with the
environmental problem.

Search and analysis of
information on water quality
and turbidity. Identification of
water turbidity as the study
variable and development of a
cause-and-effect analysis
associated with the
water-quality problem.

Technology

Use of the Agriculture Board,
capacitive soil moisture sensor,
and mBlock to acquire sensor
data, visualize soil-moisture
measurements, and display
contextualized messages related
to crop conditions.

Use of the Environment Board,
MQ135 gas sensor, and mBlock
to acquire sensor readings,
visualize measurements, and
display contextualized
messages related to air-quality
monitoring.

Use of the Aquaculture Board,
water turbidity sensor, and
mBlock to acquire sensor data,
visualize turbidity
measurements, and display
contextualized messages related
to water conditions.

Engineering

Design and construction of a
physical model simulating
soil-moisture monitoring for
spinach cultivation. Selection of
components, sensor integration,
system assembly, and functional
verification of the prototype.

Design and construction of a
physical model representing an
environment affected by smoke
from hillside burning. Selection

of components, sensor
integration, system assembly,
and functional verification of
the prototype.

Design and construction of a
physical model simulating the
flow of water from the source to
the local community. Selection
of components, sensor
integration, system assembly,
and functional verification of
the prototype.

Mathematics

Reading and interpretation of
soil-moisture sensor responses,
comparison of sensor-output
ranges, and analysis of data
variation during functional
testing.

Reading and interpretation of
MQ135 sensor readings,
comparison of measurement
ranges, and analysis of data
variation during
functional testing.

Reading and interpretation of
turbidity-sensor responses,
comparison of sensor-output
ranges, and analysis of data
variation during functional
testing.

4.3. Integrated Functional Verification of the Proposed Educational Prototype

Following the independent verification of the hardware and software components,

an integrated functional verification was conducted to evaluate the operation of the com-
plete educational prototype in an authentic classroom environment. This stage focused
on verifying the interaction among the educational boards, the connected sensors, the cus-
tomized programming blocks, and the mBlock visual programming environment during
the execution of contextualized STEM activities.

The verification involved the three educational boards developed in this study: the
Agriculture Board, Environment Board, and Aquaculture Board. Each board was connected
to its corresponding sensor and controlled through the customized programming blocks
previously implemented in mBlock. During classroom activities, students initialized the
sensors, acquired measurements, and visualized the corresponding variables in real time
through the graphical programming interface.

For the Agriculture Board, the integrated verification showed functional interaction
between the capacitive soil-moisture sensor and the customized programming blocks
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responsible for sensor initialization and soil-moisture acquisition. The sensor response was
successfully displayed in the mBlock interface, allowing students to observe changes in
soil moisture under different experimental conditions.

For the Environment Board, the functional verification showed successful communica-
tion between the MQ135 gas sensor and the customized programming blocks. The relative
MQ135 sensor response was acquired and displayed through the visual programming
environment, demonstrating functional interaction between the hardware platform and the
software extension. Because the M(Q135 sensor was not calibrated against a reference gas
concentration in this study, its output was interpreted as a relative sensor response rather
than as a quantitative gas concentration in ppm.

For the Aquaculture Board, the customized programming blocks successfully acquired
the raw sensor output and the corresponding processed voltage from the water turbidity
sensor. These values were displayed in real time through the graphical interface, allowing
students to observe and compare the sensor response obtained from different water samples
during the classroom activities. Since a reference calibration procedure for quantitative
turbidity determination was not performed in this study, the sensor output was interpreted
as an indicative response rather than as a validated turbidity measurement in NTU.

Table 6 summarizes the integrated functional verification performed for the three
educational boards. The results show successful interaction among the hardware platform,
customized software extensions, and the visual programming environment under the
reported test conditions. The prototype successfully executed sensor initialization, data
acquisition, and visualization during the reported functional tests, providing evidence of
functional operation of the integrated system under the evaluated conditions.

Table 6. Integrated functional verification of the educational boards and customized programming
blocks.

. Test Condi- Acceptance Test-Record
Board Function Tested tion/Procedure Criterion Observed Result Availability Outcome
Ag]giculéure Soil-moisture
oar sensor acquisition  Sensor connected Individual
to the board and Sensor response Sensor response supporting
corresponding acquired and successfully record not Pass
customized displayed acquired and retained;
mBlock block through mBlock displayed. repetition count
executed not retained.
Environment
Board
MQ135 sensor MQ135 sensor ) Individual
acquisition connected to the  Relative sensor o response supportin
board and response successfull pp " ‘té
corresponding acquired and . 4 recor né). Pass
customized displayed acquired and rﬁ’?me Sunt
mBlock block through mBlock displayed. repetition coun
executed not retained.
Aqlé?g;gure Turbidity-sensor Raw sensor
acquisition Turbidity sensor output and Individual
N connected and corresponding Sensor response supporting
/1 corresponding processed successfully record not Pass
({ \& customized voltage acquired and retained;
A ) mBlock block acquired and displayed. repetition count
executed displayed not retained.
through mBlock
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Table 6. Cont.

. Test Condi- Acceptance Test-Record
Board Function Tested tion/Procedure Critgrion Observed Result Availability Outcome
Communication
Agriculture between the board,
Board sollmolsture  pygividual
Hardware— Board, sensor, and Successfu} customized supporting
customized communication, Block ext : record not
software tensi acquisition, and D 0CK EXTENSION retained; Pass
integration ex e(?s 1on h q o was established, -ta ;
operated together visualization and the sensor repetltloq count
response was not retained.
acquired and
displayed.
Environment Communication
Board between the board,
connected sensors, Individual
Hardware— Board, sensors, Successful and customized supporting
software and custo_rmzed communication, mBlock extension recopd not Pass
inteeration extension acquisition, and was established, retained;
& operated together visualization and the sensor repetition count
responses were not retained.
acquired and
displayed.
Communication
Aqtéa(\)c;hture betwepr} the board,
turbidity sensor, Individual
Hardware— Board, sensor, and Successful and customized supporting
software customized communication, — mbBlock extension record not Pass
inteeration extension acquisition, and was established, retained;
& operated together visualization and the sensor repetition count

response was
acquired and
displayed.

not retained.

Following the laboratory-level hardware verification described in Section 3.2.4, inte-
grated functional verification was performed to determine whether the educational boards,
connected sensors, customized mBlock extensions, and visual programming interface oper-
ated together as intended. The verification focused on sensor initialization, data acquisition,
communication with the corresponding educational board, execution of the customized
programming blocks, and visualization of the resulting sensor response.

The Pass outcomes reported in Table 6 indicate that the predefined functional ac-
ceptance criteria were met during the corresponding classroom executions. However,
individual supporting records and repetition counts for these executions were not retained.
Accordingly, these outcomes should be interpreted as reported functional checks under the
implementation conditions rather than as independently auditable repeated-test results.

A systematic numerical record of the individual sensor readings obtained during
each classroom execution was not retained. Therefore, the reported results are limited to
the functional responses observed during the reported activities, and no reconstructed
measurement values are presented.

From an engineering perspective, the proposed architecture differs from a conven-
tional educational setup based on a general-purpose microcontroller board connected
to multiple independent sensor modules. In a conventional configuration, sensors and
communication modules are typically connected individually through external wiring and
configured through separate libraries or programming routines. In the proposed prototype,
the required sensor interfaces are organized around three application-oriented electronic
boards—the Agriculture Board, Environment Board, and Aquaculture Board—while the
corresponding software functions are exposed through customized mBlock programming
blocks. This integration provides a unified hardware-software interface for sensor data ac-
quisition and visualization during the implemented STEM activities. However, the present
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study did not conduct a controlled quantitative comparison with conventional Arduino-
based modular configurations in terms of cost, assembly time, reliability, or robustness.
Therefore, no claims of superiority regarding these parameters are made.

5. Discussion

The functional-verification results demonstrate the integration of three application-
oriented educational boards, sensor interfaces, and block-based visual programming within
a unified hardware-software architecture. The Agriculture Board, Environment Board, and
Aquaculture Board supported sensor-data acquisition and interaction with customized
mBlock programming blocks under the reported implementation conditions. These results
are consistent with previous studies showing the flexibility of open-source microcontroller
platforms for integrating sensors, communication modules, and application-specific elec-
tronic components [35-37]. However, whereas previous developments have commonly
focused on individual monitoring applications or specific hardware configurations, the
present prototype integrates three application-oriented educational boards and their corre-
sponding visual programming functions within a common technological architecture.

The application-oriented organization of the prototype is also consistent with the
broad use of open-source hardware and sensors reported in agriculture, environmental
monitoring, and aquaculture. Previous studies have employed Arduino-based systems for
monitoring soil moisture, temperature, environmental variables, and agricultural condi-
tions [38—42]. Similarly, Arduino-based platforms have been applied to water-quality and
aquaculture monitoring using sensors for variables such as temperature, pH, total dissolved
solids, water level, and other water-quality parameters [43-45]. Environmental monitor-
ing systems have likewise integrated multiple sensors with embedded platforms for the
acquisition of air-quality and environmental data [46]. In contrast to these domain-specific
implementations, the present work organizes agriculture, environment, and aquaculture
applications as three components of a single educational hardware-software platform.

The customized mBlock extensions represent another relevant component of the pro-
posed architecture. Block-based programming environments have been reported as suitable
tools for introducing programming and computational thinking to users with limited com-
puting backgrounds [28-30]. In the present prototype, the visual programming interface
was extended beyond the use of generic programming blocks by incorporating customized
functions for interaction with the developed electronic boards and associated sensors. The
Environment Board was used as a representative case for software-level functional veri-
fication, demonstrating the execution of customized blocks for sensor initialization, data
acquisition, processing where applicable, and visualization of sensor responses. At the
integrated-system level, the three educational boards were operated with their correspond-
ing hardware and software components during the reported classroom activities.

The classroom implementation provided an additional operational context for ex-
amining the prototype beyond laboratory-level hardware checks. Previous research has
emphasized that the implementation of technological prototypes under realistic conditions
can reveal operational factors that may not be evident during laboratory testing and can
contribute to assessing their practical feasibility [47-52]. In the present study, the prototype
was implemented over 16 academic weeks with 69 first-year Nursing students working
collaboratively in groups of approximately five members. The activities provided a real
classroom setting for examining sensor-data acquisition, execution of the customized pro-
gramming blocks, and hardware-software interaction. Nevertheless, these observations
should be interpreted as evidence of functional operation and practical feasibility under
the reported conditions rather than as evidence of educational effectiveness.
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Several limitations should be considered when interpreting the results. First, the
available functional-verification records correspond primarily to documented operational
checks rather than to a repeated-trial reliability campaign; consequently, failure rates,
long-duration stability, and engineering reliability were not established. Second, com-
plete metrological validation of all integrated sensors was outside the scope of this study:.
Sensor outputs for which reference calibration was not performed should therefore be
interpreted as indicative responses under the evaluated conditions rather than as validated
quantitative measurements. Third, the classroom implementation was conducted in a
single course and institutional setting, limiting the generalization of the implementation
conditions to other educational contexts. Fourth, only one unit of each educational board
was available and shared among the student groups. Finally, the proposed dedicated-
board architecture was not quantitatively compared with conventional microcontroller-and-
sensor-module configurations in terms of cost, assembly time, maintainability, reliability, or
classroom robustness.

Future work should include repeated functional test campaigns, long-duration opera-
tion and stress testing, sensor characterization and calibration where quantitative physical
measurements are required, and controlled engineering comparisons with conventional
modular configurations. Additional studies should examine the scalability of the hardware—
software architecture, the incorporation of new sensors and communication technologies,
and its implementation across different courses and educational contexts. Educational
effectiveness should be investigated separately through appropriately designed studies
and validated assessment instruments.

6. Conclusions

This study presented the design, implementation, and functional verification of an
educational prototype with a visual programming interface for contextualized STEM activi-
ties. The proposed prototype integrates three application-oriented educational boards—the
Agriculture Board, Environment Board, and Aquaculture Board—with sensor interfaces,
open-source hardware platforms, and customized programming blocks developed for the
mBlock environment.

The functional-verification process provided technical evidence of prototype operation
at the hardware, software, and integrated-system levels under the reported conditions.
Hardware-level verification included PCB continuity /impedance checks, assessment of
the compatibility of the power architecture with the operating-voltage requirements of
the installed components, and documented firmware operation. At the software level, the
Environment Board was used as a representative implementation to verify the execution
of customized mBlock programming blocks and their interaction with multiple sensor
interfaces. At the integrated-system level, the three educational boards operated with their
corresponding sensors and customized software components, enabling the acquisition
and visualization of sensor data associated with soil moisture, air-quality monitoring, and
water turbidity.

The principal contribution of this work is the integration of application-oriented edu-
cational boards, sensor interfaces, and block-based visual programming within a unified
hardware-software architecture. The classroom implementation further demonstrated the
practical feasibility of operating the prototype during contextualized activities related to
agriculture, environmental monitoring, and aquaculture. These findings are limited to the
functional operation and practical feasibility of the prototype under the reported laboratory
and classroom conditions and should not be interpreted as evidence of educational effec-
tiveness, metrological performance, long-term reliability, or superiority over conventional
modular microcontroller configurations.
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Overall, the proposed prototype provides a functional technological platform for the
implementation of contextualized sensor-based STEM activities through visual program-
ming. The results establish a technical basis for subsequent studies involving extended
functional testing, sensor characterization, engineering comparisons, scalability, and the
separate evaluation of educational outcomes across different educational contexts.
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