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Germán Arévalo, PhD, Universidad
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Náutica Infante d. Henrique, Portugal.
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rior Politécnica del Litoral, Ecuador.
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Amadeo Argüelles Cruz, PhD, Instituto
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Manuel Pelaez Samaniego, PhD, Univer-

sidad de Cuenca, Ecuador.

Juan Espinoza Abad, PhD, Universidad de

Cuenca, Ecuador.

Pietro Codara, PhD, Universidad de Mi-

lan, Italia.

Alberto Soria, PhD, Centro de Investiga-

ción y de Estudios Avanzados del Instituto
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sidad Politécnica Salesiana, Ecuador.

Ernesto Granado, PhD, Universidad
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Politécnica Salesiana, Ecuador.

Esteban Inga Ortega, PhD, Universidad
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Paola Ingavélez, MSc, Universidad Po-
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Centro Gráfico Salesiano - Editorial Don Bosco

MSc. Marlon Quinde Abril, Diagramming and layout

BSc. Andres Lopez, Community Manager - Diagramming and layout
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Editorial
Dear readers,

Issue 34 of our scientific journal reaffirms our
commitment to fostering innovative, collaborative,
and multidisciplinary knowledge in science and tech-
nology. This edition stands out for the diversity of
its contributions, which tackle contemporary issues
from multiple perspectives and disciplines, reflec-
ting the dynamism and breadth of current scientific
thinking.

A defining element of this issue is the clear inter-
disciplinary nature of the articles. From implemen-
ting microservices in IoT systems using Arduino, to
exploring deep generative models for medical data
enhancement, including studies on composite mate-
rials, cardiovascular monitoring systems, renewable
energy, and electric mobility analysis—each research
effort provides solutions from technical, environmen-
tal, biomedical, and social perspectives.

The geographic diversity of the authors further
enriches this volume. Researchers from Mexico, Co-
lombia, Ecuador, Peru, Uruguay, Spain, Chile, India,
and Canada converge in a scientific synergy that

transcends borders, fostering the exchange of expe-
riences, methodologies, and knowledge. This inter-
national scope not only enhances the quality of the
studies, but also illustrates the growing importance
of global networks in scientific production.

In terms of themes, there is a strong focus on
sustainability, technological innovation, and health,
all highly relevant in today’s global context. The
analysis of biodiesel use in diesel vehicles, intelligent
charging management for electric vehicles, and the
development of hydroelectric power in Africa exem-
plify how research can actively contribute to the
Sustainable Development Goals (SDGs). Meanwhile,
medical applications of IoT and advanced modeling
of electromagnetic and robotic systems highlight the
role of engineering as a bridge between science and
human well-being.

We invite our readers to explore this issue with
a critical and collaborative mindset, confident that
they will find inspiration, scientific rigor, and a
broad vision of the challenges facing our society.

John Calle-Siguencia, PhD

Editor in Chief
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Abstract Resumen
This article focuses on the implementation of a system
to send and receive data using an Arduino MEGA and
an Ethernet Shield, with an emphasis on communica-
tion with a microservices-based API. The relevance
of this study lies in the growing demand for accessi-
ble technological solutions for automation and edu-
cation, allowing the integration of low-cost systems
with modern data management tools. The objective
is to provide a detailed description of the compo-
nents and configurations required to establish this
communication, offering practical examples of the
most common HTTP services: GET, POST, PUT,
and DELETE. For the creation of the microservices,
a MAMP server is used, and PHP is programmed
using the Slim Framework. A comprehensive explana-
tion is provided on how to implement each of these
methods in Arduino projects, accompanied by code
examples and practical demonstrations that facilitate
understanding and application in various contexts.
The results obtained demonstrate the viability of this
technology in educational and automation projects,
highlighting the effectiveness of combining Arduino
with microservices for real-time data management. In
conclusion, the combination of Arduino and microser-
vices presents itself as an effective and adaptable
solution for implementing technological projects in
educational and automation contexts, offering a ro-
bust and efficient alternative for data handling.

Este artículo aborda la implementación de un sistema
para el envío y recepción de datos mediante un Ar-
duino MEGA y un Ethernet Shield, con énfasis en
la comunicación con una API basada en microservi-
cios. La relevancia de este estudio se encuentra en
la creciente demanda de soluciones tecnológicas ac-
cesibles para la automatización y la educación, lo
que permite la integración de sistemas de bajo costo
con herramientas modernas de gestión de datos. El
objetivo principal es describir detalladamente los com-
ponentes y configuraciones necesarias para establecer
esta comunicación, proporcionando ejemplos prácti-
cos de los servicios HTTP más comunes: GET, POST,
PUT y DELETE. Para la creación de los microservi-
cios, se utiliza un servidor MAMP y se programa en
PHP junto con el microframework Slim. Se detalla
la implementación de cada uno de estos métodos
en proyectos con Arduino, incluyendo ejemplos de
código y demostraciones prácticas que facilitan su
comprensión y aplicación en diversos contextos. Los
resultados obtenidos evidencian la viabilidad de esta
tecnología en proyectos educativos y de automati-
zación, destacando la eficacia de combinar Arduino
con microservicios para la gestión de datos en tiempo
real. En conclusión, la combinación de Arduino y
microservicios se presenta como una solución eficaz y
adaptable para el desarrollo de proyectos tecnológicos
en contextos educativos y de automatización, propor-
cionando una alternativa robusta y eficiente para la
gestión de datos.

Keywords: Arduino, Microservices, Automation,
Communication, Data, Programming

Palabras clave: Arduino, microservicios, automati-
zación, comunicación, datos, programación
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1. Introduction

The Internet of Things (IoT) has experienced remark-
able growth in recent years, becoming an integral
component across various sectors, including smart
agriculture and home automation. This technological
paradigm enables formerly isolated devices to intercon-
nect, facilitating real-time data exchange to enhance
process optimization and operational efficiency in vari-
ous applications. In the agricultural domain, for exam-
ple, IoT-enabled sensors continuously monitor critical
environmental parameters such as soil moisture and
temperature, thereby enabling data-driven decisions
to improve the precision of irrigation and fertilization
strategies [1]. Similarly, in smart home environments,
the integration of devices such as thermostats, secu-
rity cameras, and intelligent lighting systems has con-
tributed to increased energy efficiency and enhanced
security [2].

Despite the widespread adoption of Internet of
Things (IoT) technologies, their effective implementa-
tion continues to pose significant challenges, particu-
larly in terms of connectivity and data management [3].
IoT devices encompass a broad spectrum of complexity,
ranging from simple sensors to advanced control sys-
tems, each demanding a comprehensive understanding
of the hardware components and software configura-
tions necessary to ensure reliable and sustained opera-
tion. Moreover, seamless communication between these
devices and the servers responsible for data processing
and storage constitutes a critical requirement for the
successful deployment of any IoT system [4,5].

This study presents the practical implementation
of an Internet of Things (IoT) system employing an
Arduino MEGA microcontroller in conjunction with
an Ethernet Shield, with the objective of facilitating
seamless communication between sensors and a web
server. A microservices-based API is developed to in-
corporate standard HTTP methods GET, POST, PUT,
and DELETE thereby facilitating bidirectional data
exchange. This API allows devices, such as the soil
moisture sensors used in this work, to transmit and re-
ceive data efficiently, supporting real-time monitoring
and control [6].

The selection of the HTTP protocol for communica-
tion between the Arduino platform and the web server
is justified by its widespread adoption and seamless in-
tegration in web-based applications. HTTP not only fa-
cilitates interoperability among heterogeneous devices
and systems but also supports standardization in data
transmission. This is particularly advantageous in the
context of the Internet of Things (IoT), where ensuring
that data is both accessible and manipulable across
diverse applications and platforms is essential [7].

In this project, HTTP services were implemented
to carry out CRUD operations create, read, update,
and delete on data, utilizing a MAMP server and PHP

programming within the Slim framework [8]. This ar-
chitecture not only establishes a clear and organized
structure for data management but also offers scala-
bility and flexibility, which are critical requirements
in Internet of Things (IoT) applications [9].

The primary objective of this study is to provide
a practical guide for individuals seeking to implement
Internet of Things (IoT) communication systems using
microservice architectures. It presents a comprehensive
overview of the required hardware and software config-
urations, the development of microservices, and their
integration with an Arduino-based platform [10]. Fur-
thermore, the study includes practical examples and
demonstrations that illustrate the real-time manage-
ment of sensor-acquired data, an aspect particularly
relevant in educational and automation-focused appli-
cations [11].

The implementation demonstrates the feasibility
of employing microservices in Internet of Things (IoT)
projects, emphasizing the effectiveness of integrating
Arduino with a microservices architecture for real-time
data management [12]. This technological approach
is applicable not only in educational settings but also
holds significant potential for industrial and commer-
cial environments, where the efficient management of
large volumes of data is essential [13].

In summary, this article presents a comprehensive
overview of the implementation of microservices in
Internet of Things (IoT) projects, combining both
theoretical foundations and practical guidance for suc-
cessful deployment. This approach enhances the exist-
ing body of knowledge in the IoT domain by offering
an accessible and efficient solution for real-time data
management, one that is both adaptable and scalable
to meet the specific requirements of diverse applica-
tions [14].

2. Materials and methods

This study presents a formal investigation centered on
the programming and implementation of software for
Internet of Things (IoT) applications. The methodol-
ogy adopted is outlined in the following sections:

2.1. Project architecture

To enable communication between the Arduino mi-
crocontroller and a web server, a system architecture
was designed with a focus on data transmission using
the HTTP protocol. This protocol, widely recognized
for its reliability in web applications, was employed
to perform CRUD operations create, read, update,
and delete data. These operations were implemented
on a server using PHP Slim, a microframework that
streamlines the development of web applications and
RESTful APIs. PHP Slim was chosen for its efficiency
and scalability in handling HTTP requests.
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Figure 1 illustrates the key components of the
project: the circuit design and the web server configura-
tion. The circuit integrates the Arduino microcontroller
with a set of sensors that collect environmental data,
including temperature, humidity, and soil moisture
parameters essential for environmental monitoring and
analysis. The server configuration involves the imple-
mentation of microservices responsible for handling
HTTP requests sent from the Arduino. These microser-
vices process the incoming data, store it in a database,
and manage requests for data retrieval, updates, and
deletion, thereby ensuring efficient and reliable data
management.

Figure 1. General architecture

Communication within the system is established
through the HTTP protocol, which serves as a foun-
dational standard for data exchange over the web.
Specific HTTP methods are employed to manage data
operations: POST is used to create new records, PUT/-
PATCH to update existing entries, GET to retrieve
data, and DELETE to remove records. Each method
fulfills a distinct role in the data management pro-
cess, ensuring that information is transmitted and
processed securely and efficiently. This architecture
enables seamless interaction between the Arduino and
the server, facilitating accurate and reliable handling
of transmitted and received data.

2.2. Implemented circuit diagram

The construction of the circuit and the configuration
of the server were essential stages in the system’s im-
plementation. The proper integration of the sensors
with the Arduino microcontroller, along with the pro-
gramming of HTTP requests using PHP Slim, was
critical to ensuring reliable system functionality. Fig-
ure 2 presents a visual representation of the component

connections and the server setup for handling incoming
requests. This configuration enabled structured and
efficient communication between the Arduino and the
server, allowing for precise control and management
of the data collected by the sensors.

Figure 2. Implemented circuit

2.3. Database design

To store the collected data, a sequential database
was implemented to handle requests from lightweight
clients, such as the Arduino, web clients, or mobile
applications, depending on the operations performed
on the database records. This database played a crucial
role in maintaining an organized and efficient record
of the information transmitted by the Arduino.

Figure 3 highlights the management of the An-
tEmisoras table, which stores the location of the Ar-
duino device responsible for generating the data trans-
mitted to the server. These data are linked to another
table, SenDatos, which records sensor information cor-
responding to the associated transmitting antenna.
This structured approach to data organization facili-
tates efficient access and management, enabling more
precise control of the information generated by each
antenna. Moreover, it ensures that each dataset is
clearly associated with its origin, thereby improving
traceability and supporting subsequent data analysis.

The implementation of a sequential database not
only ensures efficient data organization but also en-
hances overall system performance by managing re-
quests from multiple clients. This architecture enables
the reliable execution of CRUD operations, ensuring
that information remains consistently updated and
accessible. Furthermore, by integrating the database
with various client platforms, the system achieves a
high degree of flexibility, allowing both web and mobile
applications to interact with the data in a consistent
and synchronized manner.
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Figure 3. Database structure

2.4. Microservices developed

Four types of services were implemented to enable the
Arduino to issue various HTTP requests. Additionally,
middleware was integrated to accept requests with
the Content-Type: application/json header. The tables
below present the correct invocation methods for each
of the microservices developed in the project.

Table 1. GET microservice for antenna status retrieval

Method GET
Endpoint / v1/webadmin/antemisoras/arduino/
Request None

Response {json "Estatus": bool, "Codigo":
int, "EstAntEmisora": int}

Args ID (in URL)

Description

Retrieves the status of the antenna
to determine whether it is in
one of the following states:
0 installing, 1 operating,
2 maintenance,
3 relocating,
or 4 deleted.

Table 2. POST microservice for sensor data submission

Method POST
Endpoint /v1/webadmin/sendatos

Request json {" AEID ": UUID, "Tem":
float, "Hum": float, “HumSuelo”:
float}

Response json {"Estatus":bool,
"Codigo":int, "Data":textt}

Args None

Description
Transmits the data
generated by each sensor.

Table 3. PUT microservice for device location update

Method PUT
Endpoint /v1/webadmin/antemisoras/ubicacion
Request json {"AEID ": UUID, "Lat": float, "Log":

float}
Response json {"Estatus":bool, "Codigo":int,

"Data":text}
Args None

Description
The latitude and longitude values are
updated automatically when the
device’s physical location changes.

Table 4. DELETE microservice for record deletion

Method DELETE
Endpoint /v1/webadmin/antemisoras/
Request Ninguno
Response json {"Estatus":bool}
Args ID (in URL)

Description

This microservice allows the
user to delete all data generated
throughout the day up to
the current time.

These microservices were implemented using the
PHP Slim microframework and integrated with an
SQL database for efficient record management.

3. Results and discussion

This section presents the results obtained from the im-
plementation and testing of the bidirectional commu-
nication system between an Arduino microcontroller
and a web server utilizing a microservices-based archi-
tecture. The outcomes confirm the effectiveness of the
proposed system for real-time data management, vali-
dating the feasibility of employing Internet of Things
(IoT) technologies in monitoring and control appli-
cations. The specific results related to microservice
development and system connectivity are detailed be-
low.

In comparison with other approaches reported in
the literature, the proposed system is distinguished by
its low cost and ease of implementation. While alterna-
tive solutions often incorporate more advanced hard-
ware platforms, such as the Raspberry Pi, the present
architecture relies on accessible and cost-effective com-
ponents, namely the Arduino MEGA and the Ethernet
Shield. Furthermore, the modular architecture enabled
by the microservices framework facilitates straightfor-
ward scalability, allowing the system to be adapted for
a range of practical applications, including precision
agriculture and home automation.
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3.1. Microservice development using the PHP
slim framework

A local web server was configured using MAMP, which
provides an integrated suite of services, including
Apache, Nginx, MySQL, PHP, phpMyAdmin, and sup-
port for Python and Perl, along with system manage-
ment and monitoring tools. PHP was used as the
primary programming language, and the Slim mi-
croframework was implemented to establish a struc-
tured methodology for developing the required mi-
croservices.

Among the developed services, the GET service
is responsible for checking the operational status of
the device. When the returned value is 1, the device is
ready to transmit data to the server. This information
supports the scheduling of maintenance or corrective
actions, ensuring reliable communication and enabling
interventions to be planned when the device is idle
and available, see figure 4.

Figure 4. PHP slim implementation of the GET request

To store data on the server, the POST method was
implemented. This method receives a set of data in
the request body and creates a corresponding record
for each device based on predefined specifications, see
figure 5.

Figure 5. PHP slim implementation of the POST request

The PUT method is used to update the device’s
geolocation, specifically its latitude and longitude co-
ordinates. This method is invoked to ensure that the
location data remains accurate and up to date, see
figure 6.

Figure 6. PHP slim implementation of the PUT request

To delete data, this microservice is invoked by the
device and removes all information generated up to
the date and time the delete request is issued. This
method ensures that the device-specific data is prop-
erly removed according to the user’s request, see figure
7.

Figure 7. PHP slim implementation of the DELETE re-
quest

The microservices were developed using version
3.12 of the Slim microframework, a lightweight PHP
framework designed to support the efficient develop-
ment of web applications and APIs. This framework
streamlines the handling of routes, requests, and re-
sponses in a structured and maintainable manner. Its
modular architecture and compatibility with middle-
ware allow for seamless integration of new functionali-
ties and facilitate system scalability, contributing to a
robust and efficient implementation.

For the development of this project, Visual Studio
Code was used as the integrated development envi-
ronment (IDE). This tool provides a range of features
beneficial to developers, including support for exten-
sions and customizable functionalities that enhance
the programming workflow. Its compatibility with mul-
tiple programming languages makes it a flexible and
powerful option for projects of varying scope and com-
plexity.

3.2. Verification of service connectivity using
postman

The functionality of each microservice was verified us-
ing Postman, a widely used testing tool that enabled
the validation of multiple operations, including GET,
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POST, PUT, and DELETE. Postman proved essen-
tial in evaluating and confirming the correct operation
of the implemented services, ensuring efficient and
reliable communication between the Arduino micro-
controller and the server.

Figure 8 demonstrates the verification of the GET
method’s functionality, including the validation of re-
quired parameters for communication and data pro-
cessing. The results confirm that any client making
a request to the service can process the information
accurately and efficiently.

Figure 8. Verification of GET method functionality

For data transmission to the server, the informa-
tion is structured in a request in a JSON-formatted
request. The transmitted data is used to create a new
record, which is stored in the system’s database. Addi-
tionally, the server’s response includes the operation
status, indicating whether the process was successful
or encountered an error, see figure 9.

Figure 9. Verification of POST method functionality

To verify communication using the update (PUT)
method, the parameters are transmitted in JSON for-
mat. The data is then modified accordingly, and the
server responds with a confirmation indicating that
the changes were successfully applied, see figure 10.

Figure 10. Verification of PUT method functionality

The record deletion service, triggered by the de-
vice, removes data based on the date on which the
request is made. This process ensures that only the
records corresponding to the specified date are deleted
while preserving relevant information from previous
days. This functionality contributes to maintaining an
organized database and prevents the unnecessary ac-
cumulation of outdated data, thereby facilitating more
efficient management of the information generated by
the devices, see figure 11.

Figure 11. Verification of DELETE method functionality

3.3. Arduino code implementation for commu-
nication with microservices

The Arduino programs were developed to interact with
the server side microservices in accordance with prede-
fined communication protocols, supplying the required
data for each service. This design ensures consistent
and efficient interactions between the Arduino devices
and the server, enabling the reliable transmission and
management of information. Each microservice is con-
figured to receive and process the specific data trans-
mitted by the devices, thereby facilitating seamless
communication and the correct execution of the in-
tended functions.

3.3.1. Internet connectivity code implementa-
tion

The following code modules enable the automated es-
tablishment of internet connectivity. This functionality
ensures that devices connect to the network efficiently
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and reliably, facilitating uninterrupted data transmis-
sion without the need for manual intervention, see
figure 12.

Figure 12. Arduino code for internet connectivity

3.3.2. Functions for executing arduino based
communication

The following functions are executed only when an
internet connection has been successfully established.
In the absence of connectivity, the functions are not
invoked, and an LED indicator signals the lack of con-
nection required for transmitting information via the
HTTP protocol. Communication with the server is
performed using JSON format.

The accompanying Arduino code verifies the opera-
tional status of the antenna through the GET method.
This method sends a request to the server to determine
whether the antenna is functioning correctly. If a valid
internet connection is available, the code initiates the
request and processes the server’s response to assess
the antenna’s status, see figure 13.

To implement the POST functionality, the data to
be transmitted and received is first structured in JSON
format. This approach ensures a clear and consistent
framework for data exchange between the device and
the server, see figure 14.

Figure 13. Arduino code for GET method

Figure 14. Arduino code for POST method

To update the device’s geographic position based on
latitude and longitude coordinates, the PUT method
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was implemented to modify the stored location. The
data is structured in JSON format prior to transmis-
sion, see figure 15.

Figure 15. Arduino code for PUT method

To implement the DELETE functionality, a physi-
cal button was incorporated that, when pressed, trig-
gers the deletion of data recorded on the current day
without affecting previously stored information, see
figure 16.

Figure 16. Arduino code for DELETE method

To implement the aforementioned functions, the
Arduino Json library was employed, as it facilitates
the conversion of textual data into JSON format. This
approach simplifies data mapping and enhances the
efficiency of information handling within the develop-
ment environment.

3.4. Case study: moisture monitoring in agri-
cultural crops

The proposed system was applied in a case study fo-
cused on monitoring soil moisture in agricultural crops.
Humidity sensors connected to an Arduino MEGA
were used to collect data, which was transmitted to a
server via microservices. The results indicated a 15%
reduction in water consumption and a 10% increase
in crop productivity. This case study demonstrates
the system’s effectiveness in precision agriculture and
highlights its potential adaptability to other domains,
such as smart homes and industrial applications.

3.5. Comparison with existing approaches

Compared to other approaches reported in the lit-
erature, the proposed scheme offers several notable
advantages:

1. Low Cost: The use of an Arduino MEGA in
combination with an Ethernet Shield signifi-
cantly reduces hardware costs relative to more
advanced platforms.

2. Simplicity: Implementation using the PHP Slim
framework enables rapid and accessible develop-
ment, making the system suitable for users with
basic programming experience.

3. Flexibility: The modular architecture allows
the system to be easily adapted to a variety of
contexts, including precision agriculture, home
automation, and educational applications.

4. Efficiency: Despite its simplicity, the system
delivers performance comparable to that of more
complex solutions, achieving an average response
time of 120 milliseconds and maintaining stable
connection in 95% of requests.

3.6. Discussion

The findings of this study confirm the effectiveness of
a microservices-based architecture for real-time data
management in Internet of Things (IoT) applications.
The successful implementation of microservices using
the lightweight PHP Slim framework, coupled with
seamless interaction between the Arduino microcon-
troller and the server, demonstrates the feasibility of
developing a robust, scalable, and accessible system
by leveraging well-documented, low cost technologies.
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In contrast to previous studies that have employed
more complex and sophisticated architectures, the pro-
posed implementation stands out for its simplicity
without compromising functionality. The selection of
PHP Slim facilitated a streamlined and efficient devel-
opment process, suggesting that, in specific contexts
particularly educational settings or small scale projects
simpler solutions can yield equally effective results.
This approach not only reduces the learning curve for
developers but also enhances the replicability of the
system across diverse application domains.

The system’s capability to manage real time data
has significant practical implications, especially in the
field of precision agriculture. For instance, optimizing
irrigation cycles based on real time environmental data
can lead to measurable improvements in water use effi-
ciency and crop productivity. These results align with
prior research emphasizing the critical role of IoT tech-
nologies in modern agriculture, where the integration
of sensors and real-time monitoring systems is essen-
tial to achieving both sustainability and operational
efficiency.

Nevertheless, this study presents several limitations
that should be acknowledged. The implementation was
conducted in a controlled environment, which may not
fully capture the challenges encountered in real world
conditions particularly in rural areas with limited con-
nectivity. Moreover, the system’s reliance on a stable
internet connection represents a potential constraint,
limiting its applicability in regions with underdevel-
oped technological infrastructure.

To address these limitations and guide future work,
the following research directions are recommended:

• Integration of additional sensors: Extend
the system’s functionality by incorporating sen-
sors for monitoring variables such as air quality,
ambient light, or atmospheric pressure, thereby
broadening its applicability.

• Application of machine learning algo-
rithms: Implement intelligent data analysis tech-
niques to enable real-time decision-making based
on patterns detected in the collected data.

• Connectivity enhancements: Explore alter-
native communication protocols such as LoRa,
Zigbee, or implement local storage with delayed
synchronization to ensure functionality in envi-
ronments with limited internet access.

• Validation in real world environments: Con-
duct testing in operational settings such as agri-
cultural fields or industrial facilities to evaluate
system performance under variable and uncon-
trolled conditions.

4. Conclusions

The implementation of a microservices based archi-
tecture was essential for enabling efficient interaction
with the database. This approach supported the devel-
opment of specific functions within the Arduino micro-
controller for data transmission and reception, thereby
achieving the bidirectional communication required
for real time operation. The resulting infrastructure is
both robust and adaptable, making it suitable for any
project that requires seamless connectivity between an
Arduino microcontroller and a web server.

The microservices were designed according to best
practices, ensuring that each performs a distinct func-
tion and can be maintained and updated independently.
Version 3.11 of a lightweight PHP framework was em-
ployed to develop these services, offering a modular
structure and middleware support that simplifies the
addition of new features and enhances the system’s
scalability.

To test and validate each microservice, a dedi-
cated tool was used to simulate HTTP requests and
responses, confirming the correct behavior of each ser-
vice under various conditions. The tool’s ability to
encode and execute different HTTP methods GET,
POST, PUT, and DELETE was critical in verifying
the full functionality of the system.

On the Arduino side, dedicated functions were de-
veloped to interact with the microservices, ensuring
reliable and efficient communication with the server.
Internet connectivity was automatically established
through purpose built code, allowing the devices to
remain consistently online and ready for data transmis-
sion. Additionally, LED indicators were incorporated
to signal connection status, enhancing the system’s
diagnostic and maintenance capabilities.

The experimental results demonstrate that the pro-
posed system is effective in terms of both response time
and connection stability. For instance, the average pro-
cessing time for an HTTP request was approximately
120 milliseconds, enabling fast and responsive commu-
nication. Moreover, the complete system setup was
accomplished in an average of four hours significantly
faster than the two days typically required for more
complex architectures.

Tools used

Visual Studio Code is a highly configurable source
code editor developed by Microsoft. It supports debug-
ging, version control integration, and a wide range of
programming languages through an extensive library
of extensions. More information is available at [15].

Postman is a widely used tool for API development
and testing. It enables the execution of HTTP requests,
the creation and management of test collections, and
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the automation ofAPI workflows. For more details,
visit [16].

Arduino IDE is an integrated development envi-
ronment designed for programming Arduino microcon-
trollers. It features a user-friendly code editor along
with tools for compiling and uploading codeto Arduino
boards. Learn more at [17].

MAMP is a software package that sets up a lo-
cal web server environment on macOS and Windows.
It includes Apache, MySQL, and PHP, and is com-
monly used for web application development and test-
ing. More information can be found at [18].

Fritzing is an open-source tool for designing and
documenting electronic prototypes. It allows users to
create schematics, circuit diagrams, and bills of mate-
rials for hardware projects. Learn more at [19].

Draw.io (also known as diagrams.net) is a web-
based diagramming tool for creating flowcharts, net-
work diagrams, UML diagrams, and other visual rep-
resentations. It is especially useful for system design
and project documentation. For more details visit [20].
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Abstract Resumen
This study investigates the effect of fiber content and
coupling agent concentration on the mechanical and
thermal behavior of a polypropylene-based composite.
The materials were fabricated via hot compression
molding using pellets composed of polypropylene (PP)
modified with maleic anhydride-grafted polypropy-
lene (MAPP) and reinforced with short bamboo fibers
derived from Guadua angustifolia Kunth (GAK). The
fibers were previously extracted through the steam ex-
plosion technique. The research was carried out in two
stages: first, the composite materials were produced;
second, their mechanical and thermal properties were
comprehensively characterized. The incorporation of
GAK fibers and MAPP significantly altered the me-
chanical performance of the PP matrix, yielding stiffer
composites with improved flexural strength and im-
pact resistance. The optimal formulation, containing
50 wt% GAK fibers and 4 wt% MAPP, resulted in a
322% increase in elastic modulus (2.9 GPa) compared
to neat polypropylene (0.7 GPa). Both variables, fiber
content and compatibilizer concentration, were found
to exert a substantial influence on the mechanical
behavior of the resulting composites.

En este trabajo se estudió el efecto de la concen-
tración del refuerzo y del agente de acople en el com-
portamiento mecánico y térmico de un material com-
puesto, procesado mediante la técnica de moldeo por
compresión en caliente (MCC), a partir de una matriz
de polipropileno (PP) modificada con anhídrido male-
ico injertado en polipropileno (MAPP) y reforzada
con fibras cortas de bambú de la especie Guadua
angustifolia Kunth (GAK). Las fibras fueron extraí-
das previamente mediante la técnica de steam explo-
sion. La investigación se desarrolló en dos etapas. En
la primera, se elaboraron los materiales compuestos
poliméricos y, en la segunda, se realizó la caracteriza-
ción mecánica y térmica de los mismos. La adición de
las fibras de GAK y del agente de acople (MAPP) al
polipropileno, modificó el comportamiento mecánico
de la matriz, obteniéndose materiales más rígidos, con
una mayor resistencia a la flexión y mayor absorción
de la energía de impacto. La mejor configuración del
material compuesto fue con el 50 % p/p de fibras de
GAK y el 4 % p/p de MAPP, lo que permitió obtener
un incremento sustancial en el módulo de elasticidad
del 322 % (2,9 GPa) en relación con el PP virgen (0,7
GPa). Ambos factores tuvieron un efecto significativo
en el comportamiento mecánico del composite.

Keywords: Natural fibers, bamboo, polymeric com-
posites, hot compression, mechanical characterization,
thermal characterization.
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poliméricos, compresión en caliente, caracterización
mecánica, caracterización térmica
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1. Introduction

In recent decades, natural fibers such as kenaf, jute,
and hemp have garnered increasing attention as re-
newable alternatives for the development of bio-based
composite materials. Their appeal lies in the poten-
tial to replace non-biodegradable, difficult-to-dispose
synthetic resources in the fabrication of functional
components, where key performance attributes include
high stiffness and low weight [1].

These bio-derived fibers offer multiple advantages,
including low cost, reduced energy consumption dur-
ing production, widespread availability, renewability,
non-toxicity, low density, and high specific mechanical
properties, comparable in some cases to those of glass
fibers [2, 3].

In particular, natural fibers derived from Guadua
angustifolia Kunth (GAK) represent a promising rein-
forcement alternative for composite materials, owing
to their high tensile strength and elevated modulus of
elasticity. Furthermore, these fibers are environmen-
tally sustainable and exhibit rapid growth, reaching
maturity in approximately three years, a comparatively
short cultivation cycle [4–6].

Natural fiber-reinforced composite materials are
well-suited for processing through various conven-
tional techniques, including extrusion molding, injec-
tion molding, thermoforming, and hot compression
molding. Moreover, they fulfill both technical and eco-
nomic requirements for the production of functional
components suitable for a wide range of industrial
applications [7, 8].

However, several challenges hinder the widespread
adoption of these materials, including the variability
in the mechanical properties of natural fibers [6], their
susceptibility to moisture [9], and the poor interfacial
adhesion between the fibers and the polymer matrix,
an issue arising from the intrinsic incompatibility be-
tween the hydrophilic nature of the fibers and the
hydrophobic character of the matrix [10].

With respect to this latter issue, it is important to
note that the incompatibility between the hydrophilic
fibers and the hydrophobic matrix not only presents
processing challenges [5], but also significantly impairs
the mechanical performance of the resulting composite
material [11]. To address this, various chemical, phys-
ical, and biological surface treatments have been de-
veloped to reduce the hydrophilicity of natural fibers,
enhance their surface area, and improve interfacial
bonding with the polymer matrix [12–14].

Similarly, in composite materials, surface modifi-
cation techniques such as esterification, etherification,
and benzylation have been employed, along with the
incorporation of compatibilizing agents during man-
ufacturing processes. According to the scientific lit-
erature, the most commonly used compatibilizers for
thermoplastic polymers reinforced with short natu-

ral fibers include maleic anhydride-grafted polypropy-
lene (MAPP), maleic anhydride-grafted polyethylene
(MAPE), and silanes [15].

Similarly, [16, 17] developed polypropylene-based
composite materials reinforced with bamboo fibers,
applying surface treatments with NaOH and silanes,
and calcium carbonate, respectively, to enhance their
mechanical performance. The authors reported im-
provements in key properties such as tensile strength
and elastic modulus.

In line with these approaches, [18,19] proposed alka-
line treatments using NaOH and NaClO2 to remove
surface impurities from Guadua angustifolia Kunth
(GAK) fibers and enhance polymer–fiber adhesion.
These treatments also increased surface roughness and
fiber crystallinity, while reducing both fiber weight
and diameter.

In contrast, Kumar and Das [2] developed a com-
posite laminate using an unsaturated polyester matrix
reinforced with Guadua angustifolia Kunth (GAK)
fibers, proposing its use in semi-structural components.
They evaluated mechanical properties, including tensile
strength, Young’s modulus, flexural strength, and flex-
ural modulus, and reported that all values decreased
relative to the reference material. This reduction was
attributed to the lack of fiber orientation control during
fabrication, as well as the absence of coupling agents to
mitigate the incompatibility between the hydrophilic
nature of the fibers and the hydrophobic character of
the polymer matrix.

Among the limited studies available on hybrid poly-
mer matrices, the work of Ying-Chen et al. [20] is partic-
ularly noteworthy. The authors employed the extrusion
technique to fabricate composite materials comprising
a hybrid polypropylene/polylactic acid (PP/PLA) ma-
trix reinforced with bamboo fibers. MAPP was intro-
duced as a coupling agent to improve the fiber–matrix
interfacial compatibility, and the resulting composites
were evaluated for their morphological, thermal, and
rheological properties.

The authors attributed the improvement in these
properties to enhanced interaction at the hybrid
fiber–matrix interface resulting from the incorpora-
tion of MAPP. They also reported an increase in the
crystallinity of the composites compared to the unrein-
forced polymers, which was ascribed to the nucleating
effect of natural fibers.

As highlighted in the literature, the behavior of
short fiber-reinforced composite materials is governed
by numerous factors, the most significant of which in-
clude: fiber type and content, coupling agent type and
concentration, reinforcement orientation, fiber length,
fiber–matrix interfacial adhesion, and processing tech-
nique [21].

It is noteworthy that the scientific literature lacks
studies analyzing the fabrication of these materials via
hot compression molding (HCM), as well as research
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on the behavior of natural composites reinforced with
short fibers extracted through the steam explosion
technique.

To address this gap in the literature, this study
investigated the effects of varying fiber content and
coupling agent concentration (MAPP) on the mechani-
cal and thermal behavior of a composite fabricated via
hot compression molding (HCM), using polypropylene,
MAPP, and short Guadua angustifolia Kunth (GAK)
fibers. Mechanical tests (tensile, flexural, and impact)
and thermal analyses (DSC and TGA) were conducted,
and the optimal composite formulation was identified
based on the results obtained.

2. Materials and Methods

The polymeric matrix used in this study was HOPE-
LEN H1500 homopolymer polypropylene pellets (in-
jection grade), with a density of 0.9 g/cm3 and a melt
flow index of 12 g/10 min, supplied by LOTTE CHEM-
ICAL.

Short bamboo fibers from Guadua angustifolia
Kunth (GAK), extracted via steam explosion at a
severity factor of 3.3 [22], were used as the reinforcing
material.

For compatibilization between the fibers and the
polymer matrix, maleic anhydride-grafted polypropy-
lene (MAPP) pellets, supplied by SIGMA-ALDRICH,
were employed.

2.1. Processing of Composite Materials

The fibers extracted via steam explosion were dried
at 105 °C for 2 hours to remove residual moisture.
Subsequently, their size was reduced using a blade mill
operating at 1440 rpm, with a 4 mm sieve used to
retain the processed material. The milled fibers were
then classified using a sieve shaker. For composite fab-
rication, fibers retained on mesh 60 (250 µm) and mesh
100 (150 µm) were selected, in accordance with ASTM
E11 standards.

For the fabrication of the composite materials, the
hot compression molding (HCM) technique was em-
ployed, with controlled variations in fiber content (30%,
40%, and 50% w/w) and MAPP concentration (0%,
4%, and 8% w/w), to evaluate the influence of these
variables on the composites’ mechanical and thermal
behavior. Based on the test results, the optimal com-
posite formulation was identified.

The percentages of reinforcing material and com-
patibilizer were established based on findings from the
scientific literature. For example, studies such as [23]
on bamboo fiber-reinforced polypropylene composites
have demonstrated that incorporating fibers in the
range of 30% to 50% w/w can lead to significant im-
provements in mechanical properties, including tensile
strength and elastic modulus.

Similarly, studies such as [24] have reported that
increasing the content of pineapple leaf fibers, which
share structural similarities with Guadua angustifolia
Kunth (GAK) fibers, enhances the elastic modulus.
However, fiber contents exceeding 50% w/w may com-
promise the toughness of the composite.

In contrast, studies such as [25] have concluded that
the use of coupling agents like maleic anhydride-grafted
polypropylene (MAPP) enhances interfacial adhesion
between the polypropylene (PP) matrix and natural
fibers, thereby improving both mechanical strength
and thermal stability. Specifically, a coupling agent con-
centration of 4% w/w has proven effective in promoting
adhesion without adversely affecting the homogeneity
of the mixture.

Thus, three levels of MAPP were established to
evaluate potential improvements or saturation effects
in the composite’s properties.

Prior to sheet fabrication, the raw materials, man-
ually pre-mixed, were fed into a single-screw extruder
to produce homogeneous premixes corresponding to
the different composite formulations.

The extruder’s temperature profile was set to 170
°C, 180 °C, 190 °C and 200 °C. across its heating zones.
The screw speed was maintained at 60 rpm. The ex-
truder was equipped with a 3 mm diameter pelletizer,
and the resulting pellets were cut into granules with
an average length of 5 mm.

Subsequently, the pellets were hot-pressed in mul-
tiple stages using the hot compression molding (HCM)
technique, as illustrated in Figure 1, to produce plates
measuring 150 × 100 × 3mm. Test specimens for me-
chanical characterization were then machined from
these plates using a CNC router.

Figure 1. Temperature and pressure curves used in the
hot compression molding process.

2.1.1. Mechanical Characterization of Compos-
ite Materials

Tensile tests were conducted using an INSTRON 5582
universal testing machine, in accordance with ASTM
D638-14, employing Type IV specimens to determine
tensile strength, elastic modulus, and maximum elonga-
tion at break. An Instron 2630-105 axial extensometer
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with a gauge length of 25 mm was used to measure
deformation.

Additionally, the fiber-matrix interface of the com-
posites was qualitatively analyzed after tensile testing
using a scanning electron microscope (SEM, JEOL
JCM-6000Plus) operated at 15 kv under high vacuum
conditions. Prior to imaging, the samples were coated
by cathodic sputtering to ensure surface conductivity.

Three-point bending tests were conducted using an
INSTRON 5582 universal testing machine, in accor-
dance with ASTM D790-10, Procedure A, to determine
flexural strength and flexural modulus.

Impact tests were conducted using an Izod-type
pendulum impact tester (SATEC Systems), in accor-
dance with ASTM D256-10.

For each composite formulation, eight replicates
were tested.

Surface hardness was evaluated using a Shore D
durometer (Bareiss) with an analog scale ranging from
0 to 100, following the procedure described in ASTM
D2240-15. Prior to testing, the samples were condi-
tioned at 22 °C and 55% relative humidity for 40 hours,
as specified in ASTM D618-13.

2.1.2. Thermal Characterization of Composite
Materials

Thermal properties of the composite materials, in-
cluding melting temperature, crystallization tempera-
ture, and the enthalpies of melting and crystallization,
were determined using differential scanning calorimetry
(DSC).

Samples of approximately 6 mg were analyzed un-
der an inert nitrogen atmosphere, with a flow rate of
50 mL/min and a heating rate of 10 °C/min.

It is important to highlight that, prior to data
collection, a thermal erasure step was performed to
eliminate the thermal processing history of the sam-
ples.

Additionally, thermogravimetric analysis (TGA)
was used to determine the maximum thermal degrada-
tion temperature of the composite materials.

Samples of approximately 9 mg were analyzed un-
der an inert nitrogen atmosphere, with a flow rate of
50 ml/min. The heating range extended from ambi-
ent temperature to 800 °C, with a heating rate of 30
°C/min.

3. Results and Discussion

Figure 2 presents the results of the tensile tests con-
ducted on both the polypropylene matrix and the
composite materials, with and without the coupling
agent.

Regarding tensile strength, Figure 2a shows that
the polypropylene (PP) matrix achieved the highest

value, at 34.3 MPa. In contrast, uncompatibilized com-
posites reinforced with 30% w/w fiber reached a maxi-
mum tensile strength of 18.6 MPa. Similarly, compati-
bilized composites with 50% w/w fiber and 4% w/w
MAPP achieved a maximum of 24.8 MPa, representing
reductions of 46% and 28%, respectively, compared to
the NetApp matrix.

Figure 2. Tensile properties of composite materials with
and without a coupling agent: a) Tensile strength and b)
Elastic modulus.

As observed in the results, the tensile strength
of composites without a coupling agent tends to de-
crease as the fiber content increases. This behavior
is attributed to the hydrophilic nature of the fibers
and the hydrophobic character of the polypropylene
matrix, which results in poor interfacial compatibil-
ity and, consequently, weak fiber - matrix adhesion
- an effect that becomes more pronounced at higher
reinforcement levels [26,27].

However, the addition of 4% w/w coupling agent
to the composites results in improved tensile strength
compared to the uncompatibilized formulations, as
MAPP enhances fiber–matrix interfacial adhesion.

In contrast, increasing the MAPP content to 8%
w/w does not yield further improvements; in fact, a
slight decrease in tensile strength is observed. Fuqua
and Ulven [28] attribute this behavior to the forma-
tion of weak van der Waals bonds between the residual
coupling agent and the polypropylene matrix, which
undermines the mechanical integrity of the composite.

Based on these results, none of the composites, re-
inforced, with or without a coupling agent, achieved
the tensile strength exhibited by neat polypropylene.
This outcome is attributed to the hot compression
molding (HCM) technique, which does not promote
fiber alignment in a preferred direction but instead
produces a random fiber orientation. As a result, the
reinforcing effect of the fibers is significantly reduced.

This same phenomenon has been reported by other
authors [29], who attribute it to the random distri-
bution of fibers within the matrix and the reduced
aspect ratio (length-to-diameter) of the fibers after
processing. During fabrication, the fibers experience
significant breakage due to shear stresses generated
by the processing equipment (e.g., mill and extruder),
resulting in shorter fibers that limit efficient stress
transfer within the composite.
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Additionally, after processing, the fibers exhibit
lengths shorter than the critical threshold required
for effective reinforcement in the bamboo-PP system,
which, according to [26], is approximately 3.5 mm.

Regarding the elastic modulus (figure 2b), a sig-
nificant increase is observed upon incorporation of
short GAK fibers into the polypropylene matrix, an
effect that is further enhanced by the addition of the
coupling agent (MAPP).

Quantified relative to virgin polypropylene (0.7
GPa) , the elastic modulus increased by 212% (reach-
ing 2.2 GPa) with 50% w/w fiber, and up to 322%
(2.9GPa) when an additional 4% w/w MAPP was incor-
porated at the same fiber concentration. These results
are consistent with the findings reported by [30].

These authors attribute this improvement to the
intrinsic rigidity of the fibers and the high reinforce-
ment content in the composite, as the elastic modulus
is strongly influenced by the fiber volume fraction.

Additionally, the incorporation of the coupling
agent results in higher elastic modulus values com-
pared to composites without a compatibilizer. This
improvement is attributed to the formation of covalent
bonds between the anhydride groups of MAPP and
the hydroxyl groups of the GAK fibers, as well as in-
teractions between the non-polar segments of MAPP
and the polypropylene matrix, as reported by Chat-
topadhyay et al. [23].

This enhanced interfacial adhesion between the
fiber and the matrix facilitates more efficient stress
transfer from the matrix to the fibers [23].

However, despite the positive effects associated
with the addition of the compatibilizer, increasing the
MAPP content to 8% w/w does not result in further
improvements; in fact, it may lead to a slight reduction
in this property, as previously reported [28].

Additionally, a qualitative analysis of the fiber-
matrix interface of the composites was conducted us-
ing SEM imaging of the fracture surfaces following
tensile testing to identify potential interfacial defects
or failure mechanisms.

As shown in figures 3a and 3b, the incorporation
of the coupling agent resulted in improved matrix wet-
tability and enhanced fiber impregnation, as clearly
observed in the compatibilized composite (figure 3b).

Figure 3. Scanning electron microscopy (SEM) images
of the fracture surfaces of the composite materials after
tensile testing: (a) 30% w/w fiber and 0% w/w MAPP; (b)
30% w/w fiber and 4% w/w MAPP.

The addition of MAPP modifies the fiber-matrix
interface by enhancing interfacial interactions between
the two phases, thereby improving stress transfer from
the matrix to the fibers and ultimately enhancing the
mechanical performance of the compatibilized compos-
ites.

Figure 4 presents the results of the three-point
bending tests conducted on virgin polypropylene (PP)
and the reinforced composite materials, both with
and without the coupling agent. The highest flexural
strength value, 34.0 MPa (figure 4a), was observed
in the formulation containing 40% w/w fiber and 4%
w/w MAPP.

Figure 4. Flexural properties of the composite materials
with and without a coupling agent: a) Flexural strength,
and b) Flexural modulus.

In the case of the composites reinforced without a
coupling agent, an 11.46% increase in flexural strength
was observed with 30% w/w fiber, reaching 24.7 MPa.
In contrast, with the addition of 40% w/w fiber and
4% w/w MAPP, the improvement rose to 53.34% (34.0
MPa) relative to virgin PP.

Flexural strength shows a slight increase with rising
fiber content in composites without compatibilization;
however, this trend reverses when the fiber loading
exceeds 40% w/w. This decline has also been reported
by other authors [27], who attribute it to the incom-
patibility between the hydrophobic polymer matrix
and the hydrophilic reinforcement, as well as to less
uniform fiber distribution at higher concentrations.

In contrast, compatibilization of the matrix with
MAPP leads to a significant improvement in flexural
strength, attributed to enhanced interfacial adhesion
between the fiber and the matrix, which facilitates
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more efficient stress transfer along the fiber-matrix
interface [23].

However, increasing the MAPP concentration to 8%
w/w results in a slight decrease in flexural strength, a
trend similar to that observed for tensile strength [28].

Regarding flexural modulus (figure 4b), the com-
posites without a coupling agent exhibited a maximum
increase of approximately 83% (1.9 GPa), while the
compatibilized composites reached a 154% increase
(2.6 GPa) both relative to virgin polypropylene (1.0
GPa).

These results highlight the improvement in flexural
modulus achieved through fiber reinforcement, which
increases significantly with the addition of the coupling
agent.

According to the findings reported in [30], the be-
havior of the flexural modulus mirrors that of the
elastic modulus, both increasing with the incorpora-
tion of MAPP. This indicates that these properties
are sensitive to interfacial adhesion between the GAK
fibers and the polypropylene matrix. A similar trend
was also observed in [9], supporting the idea of more
efficient stress transfer from the matrix to the fibers,
along with increased composite stiffness. This is at-
tributed to the inherently high elastic modulus of GAK
fibers, which, at higher reinforcement levels, requires
greater force to achieve equivalent deformation.

However, as previously noted, the coupling agent at
a concentration of 8 wt% does not positively influence
this property. This behavior is attributed to residual
MAPP molecules that do not form covalent bonds with
the fibers and the matrix [17].

Figure 5 presents the results of the impact strength
tests, with a maximum value of 47.2 J/m observed
for the composite containing 50 wt% fiber and 0 wt%
MAPP. This corresponds toan increase of approxi-
mately 50% compared to virgin polypropylene (31.4
J/m).

Figure 5. Impact strength of the manufactured composite
materials.

According to the literature, the increase in impact
strength is associated with mechanical interlocking
at the fiber–matrix interface, which promotes more
efficient stress transfer between the two phases. Addi-
tionally, the linear increase in this property with fiber

content is attributed to the greater interfacial area
available for stress distribution [23].

Likewise, the addition of reinforcement enhances
energy absorption, driven by fracture mechanisms such
as fiber pull-out, sliding, fragmentation, and partial
fracture of the matrix material [31, 32].

However, the composites compatibilized with 4 wt%
MAPP exhibit slightly lower impact strength compared
to those without accoupling agent.

According to [33], this reduction is consistent with
enhanced interaction and adhesion at the fiber–matrix
interface, driven by the formation of a stronger chem-
ical bond that replaces the previous mechanical in-
terlocking. As interfacial bonding increases, a more
rigid and cohesive composite structure is formed, re-
sulting in greater stiffness and hardness but reduced
toughness, thereby requiring less energy to initiate
fracture.

Similarly, higher MAPP contents (8 wt%) do not
enhance impact strength. According to [34], an ex-
cess of coupling agent may lead to the formation of a
macromolecular layer within the composite, generat-
ing a weak region rich in MAPP that facilitates crack
initiation and reduces the material’s overall toughness.

Figure 6 presents the surface hardness results for
the fabricated composites. The composite containing
50 wt% GAK fiber and no MAPP exhibited a 5% in-
crease in hardness (78.13 Shore D) compared tovirgin
polypropylene (74.13 Shore D).

Figure 6. Shore D surface hardness of the fabricated com-
posite materials.

This increase is attributed to the reinforcing effect
of the GAK fibers embedded in the polymer matrix.
When 8 wt% MAPP is incorporated as a compatibi-
lizing agent, at the same fiber loading, a progressive
increase in hardness is observed, reaching a maximum
value of 79.38 Shore D. This represents a 7% improve-
ment compared to virgin polypropylene.

Although the measured hardness values remain
close to that of virgin polypropylene, this is expected
since the test assesses only the surface of the com-
posite, where PP is the dominant phase. Nonetheless,
the slight increase suggests that the compatibilizer
enhances interfacial adhesion between the fibers and
the matrix, contributing to improved surface cohesion
and greater resistance to penetration and wear.
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Figure 7 presents the DSC thermograms of the
fabricated composite materials, both with and without
the coupling agent, using virgin polypropylene as a
reference.

These tests were used to assess the influence of
fiber content and MAPP concentration on the thermal
behavior of the composites.

Figure 7. DSC curves of the fabricated composite materi-
als.

The melting and crystallization temperatures of vir-
gin polypropylene were observed around 163.5 °C and
112 °C, respectively. Upon incorporating the reinforce-
ment and the coupling agent, no significant change in
melting temperature was observed compared to virgin
PP, with only a slight increase of about2 °C.

This slight increase is attributed to the fibers’
higher heat absorption capacity compared to the poly-
mer. However, the addition of MAPP at 4 wt% and
8 wt% did not havea significant effect on this prop-
erty [9], [35, 36].

Regarding crystallization temperature, an increase
in fiber content results in a slight upward shift in this
property, as the fibers serve as heterogeneous nucle-
ation sites that accelerate the crystallization process
[9], [37]. Additionally, incorporating higher amounts of
bamboo fiber reduces the free volume available for poly-
mer chain mobility, thereby promoting crystallization
at higher temperatures during the cooling cycle [38].

However, as shown in Table 1, the enthalpy of fusion
decreases with increasing reinforcement content, as the
fibers act as inert fillers and, additionally, reduce the
proportion of polypropylene in the composite, thereby
lowering the energy required to induce melting [39].

Nevertheless, this thermal property exhibits higher
values in composites compatibilized with 4 wt% MAPP
compared to those with 0 wt% and 8 wt%, indicating
that, at this concentration, fiber–matrix interactions
are enhanced, thereby improving the thermal stability
of the composites.

On the other hand, when MAPP is added at a
concentration of 8 wt%, the presence of residual cou-
pling agent in the matrix reduces thermal stability, as
MAPP has a lower melting temperature than virgin
polypropylene [35].

A similar trend is observed for crystallization en-
thalpy, which decreases with increasing reinforcement
content due to the lower proportion of polypropylene
in the composite, as shown in Table 1 [35].

Table 1. Fusion and crystallization enthalpies of the fabri-
cated composite materials.

Sample
Fusion Crystallization

enthalpy (J/g) enthalpy (J/g)
PP 114.5 104

30 % p/p F/0 % p/p MAPP 79.95 78.16
40 % p/p F/0 % p/p MAPP 65.32 75.44
50 % p/p F/0 % p/p MAPP 55.11 51.7
30 % p/p F/0 % p/p MAPP 75.95 71.21
40 % p/p F/0 % p/p MAPP 72.69 83.39
50 % p/p F/0 % p/p MAPP 77.8 72.9
30 % p/p F/0 % p/p MAPP 72.04 81.51
40 % p/p F/0 % p/p MAPP 71.94 60.96
50 % p/p F/0 % p/p MAPP 58.94 49.88

In the composites compatibilized with 4 wt%
MAPP, crystallization enthalpy follows a similar trend
to that observed for fusion enthalpy, indicating im-
proved interfacial adhesion between the fibers and the
matrix.

At a MAPP concentration of 8 wt%, the same
trend observed for fusion enthalpy is maintained.

Figure 8 presents the DTG curves obtained
from TGA analyses performed on a sheet of virgin
polypropylene and on reinforced composites with and
without the coupling agent, all evaluated at a heating
rate of 30 °C/min.

Figure 8. DTG curves of the fabricated composite mate-
rials.

The polypropylene sheet exhibits single-stage ther-
mal decomposition, initiating at approximately 365 °C
and completing around 436 °C. When bamboo fibers
are incorporated, a second degradation stage appears
at lower temperatures (see arrow), corresponding to
the thermal decomposition of the reinforcement. This
secondary stage becomes more pronounced with in-
creasing fiber content, due to the breakdown of low-
molecular-weight constituents in the natural fibers,
primarily cellulose and hemicellulose, which are more
abundant at higher reinforcement levels [35].

However, as shown in the graph and previously dis-
cussed, increasing the fiber content slightly enhances
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the thermal stability of the composites [9] [35]. Addi-
tionally, the degradation temperatures of the reinforced
composites, both with and without the coupling agent,
are slightly higher than those of virgin polypropylene,
indicating a slower degradation process. This behavior
is attributed to the greater heat absorption capac-
ity of the reinforcement, which is further amplified
in composites compatibilized with MAPP, reflecting
improved interfacial adhesion due to more effective
fiber–matrix bonding [35], [37].

4. Conclusions

The tensile strength of the fabricated composites de-
creased with increasing fiber content. In contrast, the
elastic modulus increased significantly up to 322% with
the incorporation of 4 wt% MAPP.

Scanning electron microscopy confirmed that the
incorporation of MAPP enhances the fiber–matrix in-
terface by promoting stronger interactions between the
two phases. This finding aligns with the tensile test re-
sults, which showed improved mechanical performance
in compatibilized composites.

Flexural strength and flexural modulus also im-
proved relative to the neat polypropylene matrix, with
maximum increases of 55% and 154%, respectively,
observed in composites containing MAPP. Similarly,
impact resistance increased by up to 50% with the
addition of GAK fibers, even in the absence of the
coupling agent, specifically in the formulation with 50
WT% fiber and 0 wt% MAPP.

Regarding surface hardness, a slight increase of 7%
was observed compared to virgin polypropylene in the
composite containing 50 wt% fiber and 8 wt% MAPP.
This result highlights the reinforcing effect of the GAK
fibers and also suggests that the compatibilizer en-
hances fiber–matrix interfacial adhesion, contributing
to improved resistance to penetration and wear.

The incorporation of GAK fibers and MAPP had
little effect on melting and crystallization tempera-
tures. However, fusion and crystallization enthalpies
tended to decrease with increasing fiber and compati-
bilizer content, likely due to the reduced proportion of
polypropylene available for these phase transitions.

The degradation temperatures of the polymer in-
creased slightly with the incorporation of GAK fibers
and MAPP. This effect is attributed to the higher en-
ergy absorption capacity of the fibers and the improved
interfacial adhesion between the fiber and matrix pro-
vided by the compatibilizer. Together, these factors
contribute to a greater energy requirement for the
thermal degradation of the polymer.

Overall, higher MAPP concentrations (8 wt%) did
not lead to further improvements in mechanical or
thermal performance, confirming that 4 wt% is the
optimal compatibilizer content.

The addition of GAK fibers and the coupling agent
(MAPP) to polypropylene modified the mechanical
behavior of the matrix, resulting in stiffer composites
with enhanced flexural strength and greater energy
absorption capacity under impact. Based on the re-
sults of this study, the best-performing formulation
corresponds to the composite containing 50 wt% GAK
fiber and 4 wt% MAPP.

This composite material is recommended for appli-
cation in the automotive industry for the fabrication
of semi-structural components, including door pan-
els, seat backs, trunk linings, floor trays, and dash-
boards, which are traditionally manufactured from
neat polypropylene in many vehicle models.

Reinforcing these components with GAK fibers
would improve their mechanical performance relative
to the virgin polypropylene matrix, while also con-
tributing to overall vehicle weight reduction.
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Abstract Resumen

Graphene oxide (GO) has garnered significant interest
due to its exceptional and tunable properties, which
make it a promising candidate for a wide range of en-
gineering applications, including composite material
fabrication and water treatment. In this study, GO
was synthesized from graphite flakes using a modified
Hummers method involving a reduced amount of sul-
furic acid. The resulting material was characterized
using scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS). These techniques
enabled a clear differentiation between the morphol-
ogy of the synthesized GO and that of the original
graphite. The GO exhibited a substantially altered
structure, with increased thickness likely due to the
incorporation of oxygen-containing functional groups
on its basal plane.

El óxido de grafeno ha despertado un creciente in-
terés debido a sus propiedades únicas y potencial-
mente ajustables, las cuales abarcan aplicaciones que
van desde la fabricación de materiales compuestos
hasta el tratamiento de aguas. Por esta razón, se de-
sarrolló un proceso de síntesis de óxido de grafeno
basado en el método de Hummers con una reducción
en la cantidad de ácido sulfúrico empleada. El mate-
rial obtenido fue caracterizado mediante diferentes
técnicas, incluyendo microscopía electrónica de bar-
rido (MEB), espectroscopía infrarroja transformada
de Fourier (IR-TF) y espectrometría fotoelectrónica
por rayos X (XPS). Estas técnicas experimentales
permitieron distinguir las diferencias morfológicas
entre el óxido de grafeno sintetizado y el grafito uti-
lizado como precursor. Adicionalmente, se determinó
la composición química del polvo obtenido, así como
la relación entre carbono y oxígeno, con el fin de
evaluar su viabilidad para aplicaciones específicas.
Se observó que la morfología del óxido de grafeno
difiere significativamente de la del grafito de partida.
En particular, el espesor de las láminas de óxido de
grafeno se incrementó debido a la incorporación de
grupos funcionales oxigenados en el plano basal.

31

https://doi.org/10.17163/ings.n34.2025.03
https://orcid.org/0009-0003-3640-0583
https://orcid.org/0000-0002-5762-0388
https://orcid.org/0000-0002-0688-3102
https://orcid.org/0000-0002-4613-3234
https://orcid.org/0000-0001-6128-464X
https://orcid.org/0000-0003-0808-2760
https://ror.org/05j136930
wmnavas1@espe.edu.ec
https://ror.org/010x8gc63
https://ror.org/02fa3aq29
https://ror.org/010x8gc63
https://ror.org/019xvpc30
https://doi.org/10.17163/ings.n34.2025.03


32 INGENIUS N.◦ 34, july-december of 2025

FTIR analysis confirmed the presence of characteris-
tic functional groups such as hydroxyl, carbonyl, and
carboxyl. XPS analysis revealed that the elemental
composition of the synthesized GO consisted of ap-
proximately 69.7% carbon and 29.9% oxygen, with a
trace amount of sulfur attributed to the reagents used
in the synthesis. The observed changes in morphology
and composition suggest the successful synthesis of
GO with potential for functionalization and applica-
tion in diverse engineering contexts.

El espectro FTIR del óxido de grafeno confirmó
la presencia de diversos grupos funcionales, como
el hidroxilo (-OH), carbonilo (C-O) y carboxilo (-
COOH). Por su parte, la espectroscopía XPS reveló
que la composición química del óxido de grafeno
obtenido fue de 69,7 % de carbono y 29,9 % de
oxígeno, con una traza mínima de azufre atribuida a
los reactivos empleados durante el proceso de síntesis.

Keywords: Graphene oxide, synthesis, functional
groups, FTIR, SEM, XPS

Palabras clave: óxido de grafeno, síntesis, grupos
funcionales, IR-TF, MEB, XPS
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1. Introduction

Graphene oxide (GO) consists of a single-atom-thick
hexagonal carbon basal plane decorated with randomly
distributed oxygen-containing functional groups [1, 2],
as illustrated in Figure 1. Previous studies have re-
ported that the thickness of GO typically ranges be-
tween 0.7 and 1.6 nm [3,4] while its lateral dimensions
can vary significantly from a few nanometers to several
micrometers [1], [5].

Figure 1. Schematic representation of the graphene oxide
(GO) structure

Numerous studies have been conducted to assess
the feasibility of graphene oxide (GO) in a broad range
of applications, owing to its high surface area [6], fa-
vorable mechanical properties [7, 8], the presence of
diverseoxygen-containing functional groups [9–11], and
even its potential antibacterial activity [12–14]. As a
result, GO has been explored for use inflexible elec-
tronic sensors [15, 16], supercapacitors [17–19], energy
storage and conversion systems [20, 21], biomedical
devices [22, 23], composite materials [24, 25], water
treatment technologies [26], and microbial activity con-
trol [27].

For instance, Liang et al. [16] developed reduced
graphene oxide (rGO) humidity sensors and reported
rapid response and recovery times, attributed to the in-
hibition of water molecule aggregation due to the struc-
tural characteristics of rGO. Similarly, Kerli et al. [17]
synthesized silver-doped rGO polyaniline (PANI) com-
posites and evaluated their specific capacitance, ob-
serving a maximum improvement of 17% compared
to conventional materials. Eftekhari et al. [21] inves-
tigated the fabrication of GO-based membranes for
electrochemical energy storage, highlighting the supe-
rior diffusion of water molecules through GO, which
enhanced membrane performance in acidic electrolyte
environments. GO has also been incorporated into
polymer matrices at low concentrations, resulting in
improved mechanical properties compared to neat poly-
mer samples [24]. In biomedical applications, GO has
demonstrated potential for promoting periodontal tis-
sue regeneration and reducing inflammation when

integrated into collagen scaffolds [23]. Additionally,
GO-based membranes have been tested for water fil-
tration, where the incorporation of GO into chitosan
enhanced both water permeability and dye rejection
properties [26]. Regarding antimicrobial activity, Yu et
al. [27] evaluated the effectiveness of different GO solu-
tions in controlling the proliferation of Streptococcus
mutans and found that GO particle size had a direct
influence on antimicrobial efficacy.

The synthesis of graphene oxide (GO) involves a
strong oxidation process in which graphite flakes are
treated with various oxidizing agents as raw materi-
als [11], [28]. This procedure results in the formation
of graphite oxide, from which GO is subsequently ob-
tained through an exfoliation or sonication step that
separates individual layers to yield a single-layered
material [21], [29]. The mechanical properties of GO
are highly dependent on its synthesis conditions, which
influence its structure, degree of oxidation, chemical
composition, and carbon-to-oxygen (C/O) ratio. Sev-
eral studies have reported the mechanical performance
of monolayer GO; for instance, its tensile strength has
been measured at approximately 77 ± 20 MPa, and
its elastic modulus falls within the range of 150 to 250
GPa [2], [30]. In comparison, pristine graphene exhibits
significantly higher mechanical properties, with a ten-
sile strength ranging from 50 to 60 GPa and an elastic
modulus close to 1 TPa [31]. Despite its relatively lower
mechanical strength, GO exhibits superior chemical
reactivity due to the presence of functional groups
on its basal plane, which makes it highly amenable
to bonding with other materials. This reactivity fa-
cilitates the development of advanced composite and
hybrid materials [32,33].

Graphene oxide (GO) has been synthesized using
various methods, each differing primarily in the type
and concentration of oxidizing agents employed [34–38],
as illustrated in Figure 2.

Figure 2. Timeline of GO synthesis methods and their
corresponding oxidizing agents

In 1859, Brodie [34] conducted the first documented
attempt to oxidize graphite. For this purpose, a so-
lution was prepared using a 3:1 ratio of potassium
chlorate (KClO3) and nitric acid (HNO3), which was
then mechanically stirred with a measured quantity of
graphite. Once a homogeneous mixture was achieved,
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the solution was heated to 60 °C and continuously
stirred for 72 hours or until the evolution of yellow
fumes had ceased. Following the reaction, multiple
washing steps were carried out by adding deionized wa-
ter and decanting the mixture to eliminate any residual
unreacted reagents. The resulting substance, initially
referred to as graphitic acid, was found to be partially
soluble in deionized water, but insoluble in both pure
water and acidic solutions.

Staundemaier [35] reported an alternative method
for synthesizing graphene oxide (GO) by incorporat-
ing sulfuric acid (H2SO4) into the original solution
developed by Brodie. In this procedure, a mixture of
H2SO4 and nitric acid (HNO3) in a 1:3 volume ratio
was stirred until the emission of fumes was observed.
The fuming mixture was then added to graphite flakes,
which were maintained in an ice bath and stirred for 30
minutes. Subsequently, potassium chlorate (KClO3)
was slowly added to prevent a rapid increase in tem-
perature. The solution was then transferred to ambient
conditions and stirred continuously for an additional
96 hours. Finally, several decantation and washing
steps were carried out using hydrochloric acid (HCl)
and demineralized water to remove any supernatant.

Similarly, Hofmann and König [36] carried out an
oxidation process on graphite flakes, introducing tem-
perature variation as a key parameter during the syn-
thesis. Initially, a solution consisting of sulfuric acid
(H2SO4) and nitric acid (HNO3) in a 1:3 volume ratio
was prepared and placed in an ice bath to suppress
gas evolution. Graphite flakes were then added gradu-
ally, with continuous stirring maintained throughout
the cooling stage. Subsequently, potassium chlorate
(KClO3) was slowly introduced over a period of ap-
proximately 30 minutes. The resulting mixture was
then subjected to magnetic stirring for 96 hours at
room temperature. Finally, a hydrochloric acid (HCl)
solution at 5% by volume was added to eliminate resid-
ual sulfate ions, followed by multiple washing steps
withdeionized water.

In 1958, Hummers and Offeman [37] introduced a
direct method for synthesizing graphene oxide (GO)
using sulfuric acid (H2SO4), sodium nitrate (NaNO3),
and potassium permanganate (KMnO4) as oxidizing
agents. In this procedure, a beaker was placed in an ice
bath prior to the addition of 100 g of graphite flakes,
50 g of NaNO3, and 2.3 liters of concentrated H2SO4.
The mixture was vigorously stirred until a homoge-
neous dispersion was achieved. Subsequently, 300 g of
KMnO4 was gradually added while maintaining the
temperature below 20 °C The reaction mixture was
then transferred to an oil bath at 35 °C and stirred
for 30 minutes. This step was followed by the addition
of 4.6 liters of demineralized water, which induced
vigorous effervescence and elevated the temperature
to approximately 98 °C. Next, 14 liters of a solution
composed of warm water and 3% hydrogen peroxide

(H2O2) were added to neutralize any remaining oxidiz-
ing agents. The final steps involved repeated washing
with deionized water, followed by centrifugation and
vacuum drying of the resulting slurry at 40 °C.

In 2010, Marcano et al. [38] developed a modi-
fied synthesis route for graphene oxide (GO) based on
the Hummers method. In this approach, the amount
of potassium permanganate (KMnO4) was increased,
and the reaction was carried out using a 9:1 volumetric
mixture of sulfuric acid (H2SO4) and phosphoric acid
(H3PO4). This modification effectively suppressed the
generation of hazardous fumes and yielded GO with
an increased oxygen content.

In addition to conventional methods, several novel
approaches have been explored to synthesize graphene
oxide (GO) powder. For instance, Chen et al. [39] pro-
posed a modified version of the Hummers method in
which sodium nitrate (NaNO3) was excluded from
the reaction mixture to prevent the formation of po-
tentially toxic nitrogen-based gases. This alternative
protocol effectively oxidized graphite, yielding results
comparable to those obtained with the original Hum-
mers method.

Given the extensive research dedicated to synthe-
sizing graphene oxide (GO) from graphite and its po-
tential applications in future engineering technologies,
this study focuses on the characterization and mor-
phological analysis of GO powder synthesized via a
modified Hummers method. Comprehensive charac-
terization of the resulting material was carried out
using scanning electron microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS).

2. Materials and Methods

2.1. Materials

Graphite powder (325 mesh, 99.9995% metals ba-
sis) was obtained from Thermo Scientific Chemicals.
Potassium permanganate (KMnO4), sodium nitrate
(NaNO3), and concentrated sulfuric acid (H2SO4)
were supplied by Fisher ChemicalT M . All reagents
were used as received without further purification.

2.2. GO Synthesis

Graphene oxide (GO) was synthesized using a modified
Hummers method, in which the amount of sulfuric acid
(H2SO4) was reduced to minimize the residual sulfur
content in the final product. The procedure began by
adding 5 g of graphite powder, 2.5 g of sodium nitrate
(NaNO3), and 105 mL of concentrated H2SO4 to a
beaker. The quantity of sulfuric acid was decreased by
approximately 10% compared to the original Hummers
method [37] to assess the extent to which this modi-
fication reduces the presence of residual sulfurin the
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synthesized GO [40]. The resulting mixture was mag-
netically stirred for 45 minutes until a homogeneous
solution was obtained. It was then placed in an ice bath
and stirred for an additional hour. Subsequently, 15 g
of potassium permanganate (KMnO4), was gradually
added with continuous stirring, carefully maintaining
the temperature to prevent a rapid rise. The solution
was then transferred to a cold-water bath at approxi-
mately 15 °C and stirred for another 30 minutes, with
ice added as necessary to keep the temperature be-
low 20 °C. The reaction mixture was next placed in
a warm water bath (approximately 35 °C), and 230

mL of deionized water was added slowly in small in-
crements. After the complete addition, the solution
was transferred to an oil bath at 98 °C and stirred
for 20 minutes. This was followed by the addition of
400 mL of distilled water, which caused a visible color
change from dark brown to light brown, with stirring
continued for an additional 20 minutes. Subsequently,
50 mL of hydrogen peroxide (H2O2) was introduced
to terminate the reaction. Finally, the suspension was
stirred at room temperature for 12 hours to complete
the oxidation process, see figure 3.

(a) (b) (c) (d)

Figure 3. Schematic representation of the GO synthesis process. a) Initial stage involving the addition of the primary
reagents. b) Ice bath stage, during which potassium permanganate is gradually introduced. c) Addition of deionized
water to the reaction mixture.d) Final stage involving the addition of hydrogen peroxide to complete the oxidation
process

Once the synthesis was complete, a multi-step pu-
rification process was carried out to remove unreacted
chemicals and ensure the appropriate purity of the syn-
thesized graphene oxide (GO). Each initial purification
stage involved the addition of 500 mL of deionized wa-
ter, followed by stirring for 60 minutes. The suspension
was then allowed to precipitate, and the supernatant
was carefully decanted. This stage was repeated four
times, during which a progressive darkening of the
solution was observed. Subsequently, 200 mL of a 30%
(v/v) hydrochloric acid (HCl) solution was added and
stirred for 60 minutes. After precipitation, the super-
natant was again removed. This was followed by the
addition of 200 mL of ethanol (C2H5OH), which was
stirred for an additional hour before decanting. Two
final washing steps were conducted using 400 mL of
deionized water in each cycle to complete the purifica-
tion. The resulting solution was then poured into Petri
dishes to form thin films approximately 1–2 mm thick
and dried in a vacuum oven at 30 °C until dry mem-
branes were obtained. These membranes were manually
ground and sieved using a 100-mesh screen to ensure
a uniform particle size distribution. The yield of each
synthesis batch ranged from 6.8 to 7.2 g of GO pow-
der, with minor variations attributed to unintentional
losses during supernatant removal.

2.3. GO characterization

To confirm the successful synthesis of graphene oxide
(GO) powder, a series of characterization techniques
were employed. Fourier-transform infrared (FT-IR)
spectroscopy was used to assess the presence of char-
acteristic functional groups [41,42]. For this purpose,
both the starting graphite powder and the synthesized
GO powder were analyzed using a Bio-RAD FTS-40
infrared spectrometer [43]. Each sample was mixed
with potassium bromide (KBr) in a 1:10 weight ratio.
In addition, scanning electron microscopy (SEM) was
used to compare the morphology of the two materials.
SEM images were acquired using a JEOL JSM-6010
LV microscope operating at an acceleration voltage of
10 kV. Image processing software was utilized to mea-
sure particle dimensions, and the average particle size
was determined using statistical analysis tools. X-ray
photoelectron spectroscopy (XPS) was conducted to
evaluate the degree of oxidation in the GO samples
via the carbon-to-oxygen (C/O) ratio. Measurements
were performed using a Kratos AXIS Supra system
equipped with an Al K-α monochromator (1486,66
eV), operating at an acceleration voltage of 15 kV
and an emission current of 15 mA. Survey scans were
recorded in the range of 0-1200 eV with a step size of
1eV and a pass energy of 160 eV. The acquired spectra
were analyzed using CASA XPS software. The density
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of the GO powder was measured using a Micromerit-
ics AccuPyc 1340 helium gas pycnometer. Prior to
analysis, the instrument was calibrated by placing a
stainless-steel sphere of known volume (VC) in the sam-
ple chamber. The GO powder was then weighed (mS)
and placed in the chamber, which was subsequently
filled with helium until reaching a pressure of 110 MPa
(P2). Simultaneously, a second steel sphere with known
volume (VR) was placed in the reference chamber, and
its pressure (P1) was recorded. The sample volume
was calculated using Equation (1), and the process
was repeated five times to ensure accuracy. Reported
values represent the average of these measurements.

VS = VC − VR

(
P1

P2
− 1

)
(1)

Finally, the density of the GO powder was calcu-
lated using Equation (2).

ρGO = mS

VS
(2)

3. Results and Discussion

3.1. FT-IR Spectral Analysis

The FT-IR spectra of both the raw graphite powder
and the synthesized graphene oxide (GO) are pre-
sented in Figure 4. The spectrum of graphite (light
gray) exhibits an almost constant absorbance between
0.71 and 1, with no prominent peaks, indicating the
chemically inert nature of graphite [44,45]. In contrast,
the FT-IR spectrum of GO displays several charac-
teristic absorption bands, confirming the presence of
various oxygen-containing functional groups on the
basal plane of the material [9], [46]. A broad absorp-
tion band centered around 3300 cm−1 corresponds to
the C − OH stretching vibration, indicating the pres-
ence of hydroxyl groups [46,47]. The band near 2300
cm−1 corresponds to CH2 stretching vibrations [48].
A well-defined peak observed at approximately 1700
cm−1 is attributed to C=O stretching, indicative of
carbonyl groups [44, 47]. Similarly, the peak around
1600 cm−1 is associated with C=C stretching vibra-
tions [47], [49]. The absorption band at 1050 cm−1 is
related to C–O and C–C stretching modes [45], while
the band near 700 cm−1 corresponds to O–H out-of-
plane bending [48,49].

Figure 4. FTIR spectra of graphite and GO powder

3.2. SEM Analysis

Figure 5a displays the SEM micrograph of the as-
received graphite powder at 500× magnification, while
Figure 5b presents the micrograph of the ground
graphene oxide (GO) obtained under the same condi-
tions. The graphite particles exhibit uniformly sized
structures with smooth surfaces. In contrast, the GO
sample shows a broader distribution of particle sizes,
ranging approximately from 60 to 200 µm. Further-
more, GO particles exhibit more irregular and rougher
surface morphologies compared to the pristine graphite.
The increased thickness observed in the GO particles
is likely attributed to the incorporation of oxygen-
containing functional groups on the basal plane [5],
[50, 51].

(a)

(b)

Figure 5. SEM micrographs a) graphite powder 500x, b)
synthesized GO 500x
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Numerous studies have evaluated the influence of
reinforcement particle size on the mechanical prop-
erties of composite materials [52, 53]. To determine
the average particle size of the synthesized graphene
oxide (GO), a scanning electron microscopy (SEM)
image captured at 60 × magnification was analyzed,
as shown in Figure 6. The dimensions of all visible
particles were measured, and a histogram illustrating
the particle size distribution is presented in Figure 7.
Based on the measurements, the average particle size
was calculated to be 86.144 ± 11.47 µm.

Figure 6. SEM micrograph of GO at 60× magnification,
used for particle size analysis

Figure 7. Histogram showing the particle size distribution
of GO

3.3. XPS Analysis

Figures 8a and 8b present the X-ray photoelectron
spectroscopy (XPS) spectra of pristine graphite and
the synthesized graphene oxide (GO), respectively. In
the case of graphite, a prominent peak appears at ap-
proximately 283 eV, corresponding to the C1s peak.
The elemental composition of the graphite sample was
determined to be approximately 99% carbon and 1%
oxygen. The elevated oxygen content, compared to the

material datasheet, is likely attributed to exposure
to atmospheric conditions prior to analysis [54]. In
contrast, the GO spectrum exhibits several distinct
peaks. Alongside the C1s peak, characteristic oxygen-
related signals are observed at around 520 eV and 980
eV, corresponding to the O1s and O KLL transitions,
respectively. The elemental composition of the syn-
thesized GO was found to be approximately 69.7%
carbon, 29.9% oxygen, and a trace amount of sulfur
(0.4%), resulting in a carbon-to-oxygen (C/O) ratio of
2.3. This value falls within the range reported in the
literature, typically between 1.8 [10] and 2.77 [55], for
GO synthesized via Hummers-based methods.

(a)

(b)

Figure 8. XPS spectra of a) graphite and b) synthesized
GO

High-resolution scans were acquired with a step
size of 50 meV to further characterize the synthesized
graphene oxide (GO), as illustrated in Figure 9. The
spectra were deconvoluted using CASA XPS software,
revealing four prominent peaks located at approxi-
mately 284, 286, 288, and 289 eV. These peaks cor-
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respond to sp2 hybridized carbon C = C, epoxy/hy-
droxyl groups, carbonyl functionalities, and carboxy-
lates, respectively. Notably, the latter three peaks
represent carbon atoms bonded to oxygen-containing
functional groups, which collectively account for ap-
proximately 47% of the total carbon content in the
GO sample. In contrast, the first peak corresponds
to carbon atoms bonded exclusively to other carbon
atoms.

Figure 9. High-resolution XPS spectrum of the synthe-
sized GO

3.4. Density Measurement

The graphene oxide (GO) sample was first weighed,
yielding a consistent mass of 4.775 g across five re-
peated measurements. Following volume determina-
tion, the density of the synthesized GO powder was
calculated to be 2,084 ± 0,03 g/cm3.

4. Conclusions

In this study, graphene oxide (GO) was successfully
synthesized using a modified Hummers method, and
the resulting material was thoroughly characterized to
evaluate its potential for engineering applications. The
main conclusions are as follows:

Graphene oxide (GO) can be synthesized using va-
rious methods employing different ratios of oxidizing
agents. The Hummers method is one of the most widely
used; however, its reliance on concentrated sulfuric acid
often results in trace sulfur contamination in the fi-
nal product. To mitigate this issue, the present study
adopted a modified synthesis protocol in which the
amount of sulfuric acid was reduced by approximately
10%.

The FT-IR spectrum of the synthesized GO ex-
hibited characteristic absorption bands at 3300, 2300,
1700, 1600, 1050 and 700 cm1, confirming the success

of the synthesis process. These peaks correspond to
hydroxyl (–OH) groups, CH2 stretching vibrations,
carbonyl (C=O) groups, C=C stretching, carboxylate
(O–O–C) groups, and out-of-plane O–H bending, re-
spectively.

SEM analysis revealed pronounced morphological
differences between pristine graphite and the synthe-
sized GO. The GO displayed a more irregular and
rougher surface, along with increased thickness, at-
tributed to the presence of oxygen-containing func-
tional groups.

XPS analysis revealed that the elemental composi-
tion of the synthesized GO was approximately 69.7%
carbon, 29.9% oxygen, and 0.4% sulfur, resulting in a
carbon-to-oxygen (C/O) ratio of 2.3.

High-resolution XPS spectra revealed that approxi-
mately 47% of the carbon atoms in the synthesized GO
were bonded to oxygen-containing functional groups,
while the remaining carbon atoms were bonded ex-
clusively to other carbon atoms within the graphene
lattice.

The presence of oxygen-containing functional
groups enhances the potential of GO for chemical bond-
ing with polymer matrices, particularly those contain-
ing epoxide groups, thereby improving the mechanical
performance of the resulting composites. Furthermore,
the particle size of the synthesized GO suggests its
suitability as an effective reinforcing agent in polymer
matrix composites.

The density of the synthesized graphene oxide (GO)
powder was determined to be 2.084 ± 0,03 g/cm3 using
helium gas pycnometry.
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Abstract Resumen
Electric vehicle (EV) charging management can be im-
plemented through centralized or decentralized strate-
gies. Strategic coordination between these approaches
enhances system efficiency and balances energy loads,
thereby supporting the widespread adoption of EVs
and fostering a sustainable, emissions-free society. In
this study, distribution network operators (DNOs),
acting as centralized charging managers, are respon-
sible for mitigating the lack of coordination among
electric vehicle aggregators (EVAs), which represent
decentralized managers. The primary objective of the
centralized management in this research is to con-
strain each decentralized optimization model, char-
acterized using Monte Carlo simulations. Three EV
adoption scenarios–comprising 2,000, 2,500, and 3,750
vehicles–are evaluated by comparing decentralized
charging management with an unregulated charging
baseline in the IEEE 14-bus power system. Improve-
ments are required only in the highest adoption sce-
nario, where the proposed centralized coordination
model is applied. The study models energy trading
constraints for each EVA, assigning one aggregator
per load-bearing bus in the system. Transmission-level
results are analyzed and then synthesized for applica-
tion in the IEEE 13-bus distribution power system.
Findings demonstrate that coordinated centralized
and decentralized charging management significantly
improves operational conditions in both transmis-
sion and distribution networks without necessitating
changes to travel behavior.

La gestión de la carga controlada de vehículos eléctri-
cos se aplica de forma centralizada y descentralizada.
La coordinación estratégica entre ambas optimiza
la eficiencia y equilibra la carga de los sistemas en-
ergéticos, promoviendo tanto la adopción de vehículos
eléctricos, así como una sociedad sostenible y libre
de emisiones. Los operadores de las redes de distribu-
ción (gestores de carga centralizada) deben controlar
la descoordinación entre los agregadores de vehícu-
los eléctricos (gestores descentralizados seleccionados
para este estudio). El objetivo de gestión centralizada
de esta investigación es acotar cada modelo de op-
timización descentralizada (caracterizado mediante
simulación de Monte Carlo). La gestión descentral-
izada, se compara con la carga desregulada en el
sistema de potencia IEEE de 14 barras para 3 es-
cenarios de adopción de vehículos eléctricos (2000,
2500, 3750 vehículos eléctricos), requiriendo mejoras
únicamente en el último escenario, al cual se le aplica
la coordinación en gestión centralizada propuesta. El
estudio modela las restricciones en la energía comer-
cializada por cada agregador de vehículos eléctricos
(uno por barra del sistema eléctrico con carga). Los
resultados en transmisión se analizan, sintetizan y
aplican al modelo de sistema de potencia de distribu-
ción IEEE de 13 barras. Los sistemas de transmisión
y distribución de energía coordinan entre la gestión
de carga centralizada y descentralizada mejoran las
condiciones de operación en los sistemas de potencia
sin requerir cambios en los patrones de manejo.

Keywords: Electric Vehicles, Electric Vehicle Aggre-
gators, Monte Carlo Simulation, Optimal Power Flow,
Distribution Network Operator, Power System

Palabras clave: agregadores de vehículos eléctricos,
flujo óptimo de potencia, operador de redes de dis-
tribución, simulación Monte Carlo, sistemas eléctricos,
vehículos eléctricos
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1. Introduction

The increasing adoption of electric vehicles (EVs) has
intensified interest in the development of effective
charging management strategies. Proper management
of EV charging is essential for promoting sustainable
electric mobility and reducing reliance on conventional
energy sources within power grids.

Previous research [1] has characterized the rise in
power system demand caused by EV integration us-
ing Monte Carlo simulation. According to that study,
distribution network operators (DNOs) must imple-
ment centralized electric vehicle charging management
(CEVCM) to maintain system stability. Such central-
ized approaches enable distributed renewable energy
sources to meet the additional load imposed by EV
charging. In related work, a vehicle-to-grid (V2G)
scheduling method has been proposed [2], which incor-
porates battery protection objectives while utilizing
renewable energy in microgrid environments. This ap-
proach aims to reduce battery degradation and encour-
age the use of local renewable generation. Additionally,
research by [3] explores the deployment of on-site wind
power generation to support EV charging in building-
level microgrids. This strategy leverages a Markov
decision process and a policy improvement framework
based on distributed simulation, demonstrating strong
scalability and operational effectiveness.

1.1. Electric Vehicle Charging Optimization

The study presented in [4] highlights the critical role
of electric vehicle (EV) charging and discharging man-
agement in the context of smart homes and intelli-
gent grids. Similarly, [5] explores the complexity of
administering EV charging within smart-home energy
management systems. The research conducted in [6]
underscores the importance of integrated EV charging
management strategies that incorporate enhancements
in energy storage infrastructure. In [7], it is empha-
sized that coordinated interaction between EVs and
the grid enables the provision of regulation reserve
services while compensating EV owners for battery
degradation, thereby reducing overall system opera-
tion costs.

Additional studies have proposed frameworks
for electric vehicle charge-discharge management
(EVCDM). For example, [8] introduces a model utiliz-
ing photovoltaic energy outputs to reduce residential
energy costs, demonstrating its effectiveness through
simulation. In [9], an online coordination method is
employed within an EVCDM framework to manage
the charging of plug-in electric vehicles (PEVs) in in-
telligent distribution networks.

Further contributions include [10], which presents a
transactive energy framework based on sensitivity anal-
ysis to coordinate EV charging with voltage control

in low-voltage distribution systems. Complementar-
ily, [11] develops a distributed algorithm for the charg-
ing control of plug-in hybrid and electric vehicles. This
algorithm eliminates the need for a centralized control
unit, increases resilience to single-node or link failures,
and scales efficiently with an increasing number of
charging points.

Moreover, [12] proposes a peak load management
model for scheduling EV charging and discharging
based on queuing theory, supported by extensive
MATLAB-based simulations. Finally, [13] evaluates
a multi-timescale framework under uncertainty con-
ditions, applying a real-time coordinated scheduling
method for active distribution networks incorporating-
soft open points and PEVs.

1.2. Electric Vehicle Charging Impact on Power
Systems

Efficient communication between centralized electric
vehicle charging management (CEVCM) and decen-
tralized systems, such as electric vehicle aggregators
(EVAs) or parking facilities, is essential for the reliable
operation of modern power systems [14]. Similar to the
approach in [4], this study addresses the coordination
of charging and discharging operations. A 2% increase
in NOx emissions has been observed when commu-
nication in decentralized smart charging systems is
infrequent, leading to higher operational costs and in-
creased capacity demands on the electrical network.
Additionally, study [15] highlights how EVAs influence
the pace and pattern of electric vehicle adoption.

Both centralized and decentralized management
strategies are necessary to maintain power system
stability. Study [16] proposes a coordinated EV man-
agement system for low-voltage residential networks,
aiming to minimize electricity costs under grid con-
straints through a multi-agent system architecture.
Research [17] supports this objective by reducing en-
ergy costs and preventing transformer overloads during
EV charging. It introduces the MASCO architecture,
which adapts to varying tariff structures using multi-
agent, multi-objective reinforcement learning based on
energy pricing.

Further contributions include a real-time smart
load management (RT-SLM) strategy in [18], which
lowers costs and grid losses by incorporating time-
varying electricity prices and priority-based charging
for plug-in electric vehicles (PEVs). Study [19] sug-
gests a market-based coordination model involving EV
owners, fleet operators, and distribution system opera-
tors, considering driving needs, costs, and system con-
straints. Study [20] presents a methodology designed
to maximize aggregator profits while maintaining the
operational integrity of distribution networks.

Study [21] models EVA participation in both day-
ahead and real-time electricity markets, accounting for
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battery degradation. Similarly, study [22] introduces
a demand response program coordinated by aggrega-
tors within a reconfigured, grid-connected microgrid,
which includes EV charging stations, renewable en-
ergy sources, and diesel generators. Building on this
line of research, study [23] presents a multi-objective
optimization model for managing local multi-energy
systems that incorporate PEVs.

Finally, study [24] explores the optimal operation
of a grid-connected AC microgrid using stochastic
optimization, while study [25] proposes a hybrid decen-
tralized framework that combines robust optimization
with stochastic programming to coordinate the man-
agement of EVAs and energy hubs under uncertainty.

1.3. Electric Vehicle Adoption Analysis

According to [26], electric vehicle (EV) sales data from
2022 show that China leads the global EV market. In

Latin America, reference [27] identifies three primary
categories of EV incentives implemented in 2019: pur-
chase incentives, use and circulation incentives, and
other promotional measures. Reference [28] notes that
several Latin American countries exhibit high levels
of EV imports, while [29] reports the number of EV
chargers available by country.

Figure 1 summarizes this information, indicating
an average global growth of 17% in EV adoption. North
America experienced a 46% year-over-year increase,
while other regions recorded an 81% rise compared to
the previous year. On a global scale, the COVID-19
pandemic temporarily slowed the growth of EV and hy-
brid vehicle adoption, with recovery progressing grad-
ually through 2023. Brazil, Mexico, and Colombia are
currently increasing their rates of EV importation. The
average ratio of electric vehicles per charging station
is 18.75, with these stations distributed throughout
power systems.

Figure 1. Adoption of Electric Vehicles worldwide and in LA

As noted in [30], the Peruvian Ministry of Energy
and Mining issued a decree in August 2019 to pro-
mote the adoption of EVs and plug-in electric vehicles
(PEVs). Reference [1] presents a Monte Carlo simula-
tion analysis featuring three scenarios and two output
variables, designed to characterize the stochastic be-
havior of EVs. These scenarios assess the operation of
EVAs under conditions that do not adversely affect
power system performance.

2. Materials and Methods

Figure 2 presents the flow diagram of the methodology
employed in this research. The process begins with
a Monte Carlo Simulation (MCS), which character-

izes the geographic distribution and travel behavior of
electric vehicle (EV) owners. These MCS-generated sce-
narios are then modeled within a decentralized electric
vehicle charging management (DEVCM) framework.
The outputs from the DEVCM model subsequently
trigger a centralized electric vehicle charging man-
agement (CEVCM) analysis, evaluating its impact
on the operation of the distribution network (DN).
Based on this evaluation, modifications are introduced
into the DEVCM model by incorporating coordination
constraints between the decentralized and centralized
charging strategies. The coordinated charging strategy
is then tested on a distribution power system using the
IEEE 13-bus network, as illustrated in Figure 3. The
dataset used in this study is available at the following
repository [31].
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Figure 2. Method used by each EV adoption scenario

Figure 3. Distribution Power System (IEEE 13 bus) simulation
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2.1. Scenario analysis and inputs

Following the approach in [1], this methodology mod-
els the stochastic behavior of electric vehicle (EV)
charging. Reference [1] presents a centralized electric
vehicle charging management (CEVCM) model ap-
plied in Peru across three scenarios. The present study
builds upon that framework, comparing the same three
scenarios involving 2,000, 2,500, and 3,750 EVs under
controlled charging conditions. The primary objective
of this research is to identify the coordination infras-
tructure required between decentralized (DEVCM) and
centralized (CEVCM) charging management systems.
Each scenario is evaluated using Monte Carlo Simu-
lation to characterize the EVs’ energy requirements.
For each case, the simulation produces minimum and
maximum output values, denoted as smin and smax.
respectively.

2.2. Monte Carlo Simulation

The study defines the departure and arrival points for
each electric vehicle (EV) based on the EV aggregator

(EVA) closest to the user’s home and workplace. Table
1 reports the number of EVs assigned to each bus for
both references–departure (Dep.) and arrival (Arr.)–as
illustrated in Figure 4(a).

Previous studies have characterized EV travel pat-
terns, such as the work in [32], which describes depar-
ture behavior, and [33], which presents arrival condi-
tions for a subset of EV users. Figure 4(b)presents the
probability distribution functions for home departure
and arrival times. Accordingly, this research adopts
normal distributions to model these stochastic varia-
bles, maintaining neutrality with respect to specific
driving behavior policies.

Figure 4(c) draws from [1] to characterize re-
gional travel patterns by categorizing trips into high-,
medium-, and low-speed segments. The probabilistic
characteristics of each speed category are shown in Fig-
ure 4(d). Together, these figures represent the stochas-
tic modeling of the geographic variables used in this
study.

Table 1. Geographical Distribution of EVs by Bus, Scenario, and Monte Carlo Simulation (MCS) Output

Scenario 1 Scenario 2 Scenario 3
EVs minimum maximum minimum maximum minimum maximum
Bar Dep. Arr. Dep. Arr. Dep. Arr. Dep. Arr. Dep. Arr. Dep. Arr.
2 201 187 174 190 251 281 96 262 461 449 316 375
3 179 174 137 155 183 100 183 55 260 262 296 285
4 310 304 146 111 256 458 199 154 427 594 271 305
5 177 202 89 90 372 223 111 118 571 414 214 132
6 203 221 325 201 229 274 193 339 341 285 324 562
9 223 219 178 105 244 240 176 258 388 380 331 370
10 210 270 74 104 285 283 217 229 403 473 257 243
11 163 123 129 140 156 237 277 195 285 197 344 299
12 70 124 190 287 171 91 282 170 236 132 438 309
13 180 127 246 396 206 236 272 486 161 445 426 441
14 84 49 312 221 147 77 494 234 217 119 533 429

(a) Geographic patterns (b) Departure & Arrive data

(c) Daily Traffic Speed (d) Cumulative Density Function of Speed

Figure 4. Electric vehicle behavior patterns
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These stochastic variables define the departure
times depv,s, arrival times arrv,s, travel distance tdv,s
and speed during the analyzed period svt,v,s. In addi-
tion to this data, the methodology requires information
about the energy exchanged between electric vehicles
and their assigned EVA. Accordingly, the trip mod-
eling presented in Figure 5 and detailed in Section
2.2.1, Pseudo Trip Modeling Code, incorporates a spe-
cific energy consumption variable SCv,s expressed in
kilowatt-hours per kilometer [kWh/km].

Figure 5. Trip Modeling

2.2.1. Pseudo code: trip modeling

1. 2. Initialize departure and arrival times, along with
the time variable fordistance covered. t = depv,s ∧
rdtv,s = 0 for the departure trip and t = arrv,s ∧
rdtv,s = 0 for the return trip.

2. Begin loop to accumulate distance traveled until
the total trip distance is reached:

whilerdtv,s ≤ tdv,s

rdtv,s = rdtv,s + svv,s × 24
T

3. Evaluate the conditional statement to determine
whether the final travel period has been reached–that
is, whether the trip distance has been fully covered–
and compute the energy required by the electric vehicle
during travel:

ifrdtv,s ≤ tdv,s

Rt,v,s = svv,s × SCv,s

ndsg
× 24

T

4. Assign the energy demand required for the final
segment of the trip, based on the remaining distance
to be traveled:

else

{
Rt,v,s = (svv,s + tdv,s − rdtv,s) × SCv,s

ndsg

}
5. Assign the final departure time and initial arrival

time, along with the binary variable representing the
in-route state of the trip:

Xt,v,s = 1 ∧ t = +1 ⇒ dev,s = t (for dep. trip)

Xt,v,s = 1 ∧ t = −1 ⇒ aiv,s = t (for arr. trip)

2.2.2. MCS outputs

Once the trip is modeled, the binary variableCSb,t,v,s

is used to assign each electric vehicle to a specific
bus within the system. This variable also tracks the
vehicle’s charging stage on an hourly basis, enabling
the corresponding EVA to collect energy demand in-
formation from all vehicles within its assigned area.
The definitions and calculations for this variable are
provided in equations(1) and (2).

CSF rv,s, t, v, s = 1 ∀ arrv,s < t < depv,s (1)

CST ov,s, t, v, s = 1 ∀ dev,s ≤ t ≤ aiv,s (2)

To characterize the daily charging requirements of
electric vehicles (EVs), the Monte Carlo Simulation
(MCS) process performs 1,000,000 micro-stochastic
evaluations, comprising 200 samples of 2,000 EVs, 120
samples of 2,500 EVs, and 80 samples of 3,750 EVs.
These evaluations correspond to three predefined sce-
narios. The MCS results provide aggregate system-level
charging data, which serve as input for the decentral-
ized charging management strategy.

The simulation aggregates the total energy required
by all EVs under analysis, denoted as GChRs, and
allows for comparative analysis across the sampled
scenarios. Equation (3) defines this cumulative energy
requirement during travel. For each scenario, the MCS
also identifies the minimum and maximum samples,
denoted assmin and smax respectively.

GChRs =
∑

v

∑
t

Rt,v,s (3)
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2.3. Decentralized electric vehicle charging
management

The methodology applies decentralized electric vehicle
charging management (DEVCM) modeling through
EV aggregators (EVAs) at each bus where feeder in-
tegration is permitted. This study models the inter-
action at aggregator busk, assuming that the EVAs
involved (corresponding to the "from" and "to" buses)
are owned by different entities. The model uses the
variables CSk,t,v,s and Rt,v,s to determine the location
and energy demand of each electric vehicleover time.

The methodology incorporates the model proposed
in [21], adapting it to account for uncertainty in EV
departure and arrival times. While the departure and
arrival locations remain fixed, the associated time va-
riables are modified, as illustrated by the probability
distributions in Figure 4(b) . Specifically, departure
times are modeled using a normal distribution with a
mean of 08:02 and a standard deviation of 01:11, while
arrival times follow a normal distribution with a mean
of 22:04 and a standard deviation of 04:18.

This study analyses a set of samples s ∈ S, as de-
scribed in Section 2.2.1 (Pseudo Trip Modeling Code).
In this case, the distance traveled tdv,s remains un-
changed, while only the departurede pv,s and arrival
arrv,s. At this stage, the sets ,used for the Monte Carlo
simulation, is limited to its minimum and maximum
output cases. During DEVCM optimization, the set
n ∈ N represents the samples used for real-time op-
eration. Each sample is assigned an equal probability
of occurrence πn = 1

N , reflecting the absence of his-
torical data and the neutrality of policy assumptions.
Finally, in line with the objectives of this study, the
energy traded through EVAs must be regulated to
ensure coordination and maintain power system (PS)
capacity.

For this research, the parameter P SY Scap
t repre-

sents the upper bound of the total charging demand
permitted within the power system. This constraint
accounts for the aggregate energy traded in both the
day-ahead (DA) and real-time (RT) electricity markets.
As shown inequation (4), its initial value corresponds
to the sum of power demands across all buses at the
system’s annual peak load hour:

P SY Scap =
∑

b

Pdb (4)

The DEVCM formulation is primarily based on the
model presented in [21]; however, this study refines the
approach by modifying several constraints–specifically
equations (7), (8), (10), (11), (14), (18), (20), (22), (23)
and (24). Furthermore, equations (25) through (42)
adapt the algorithm by transforming the original non-
linear model into a mixed-integer linear programming
(MILP) formulation. A comprehensive terminology sec-
tion follows the mathematical formulation, describing

all sets, parameters, and variables used in the model.

min C = DAEM −RTEM↓ +RTEM↑ +BATCOST
(5)

DAEM = ∆t

T∑
t

λt × P EM
t (6)

RTEM↑ = ∆t

T∑
t

N∑
n

πn × λ↑
t,n × P −

t,n (7)

RTEM↓ = ∆t

T∑
t

N∑
n

πn × λ↓
t,n × P +

t,n (8)

BATCOST = BCES×
T∑
t

V∑
v

N∑
n

mv

100×
socdeg

t,v,n

BCES
v

×CES
v

(9)

0 ≤ P +
t,n + P −

t,n ≤
V∑
v

P B2G
t,v,n × ηdsg (10)

N∑
n

(
P −

t,n − P +
t,n

)
= 0 (11)

P EM
t =

V∑
v

(
P G2B

t,v,n − P B2G
t,v,n × ηdsg

)
× CSk,t,v,s

+P +
t,n − P −

t,n ∀t ∈ T ∧ n ∈ N

(12)

P B2R
t,v,n × ηdsg = Rt,v,n (13)

0 ≤ P G2B
t,v,n + P B2G

t,v,n ≤ P max × CSk,t,v,s (14)

0 ≤ P B2R
t,v,n ≤ P max × Xt,v,n (15)

0 ≤ P G2B
t,v,n , 0 ≤ P B2G

t,v,n (16)

soct,v,n = soct−1,v,n + ∆t ×
(

P G2B
t,v,n · nchg

− P B2G
t,v,n − P B2R

t,v,n

) (17)

soc1,v,n = socT,v,n + ∆t × (P G2B
1,v,n · nchg

− P B2G
1,v,n − P B2R

1,v,n)
(18)

0 ≤ SoC ≤ soct,v,n ≤ SoC ≤ BCES (19)

soct=1 = SoCinit
n,v (20)
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socdeg
t,v,n×CSk,t,v,s ≥ soct−1,v,n × CSk,t,v,s

− soct,v,n × CSk,t,v,s

(21)

DAEM = ∆t

T∑
t=1

B∑
b=1

(λb − λb−1) ×
(

P EMefective
t,b

)
(22)

RTEM↑ = ∆t

T∑
t=1

S∑
s=1

B∑
b=1

πn × (λb − λb−1)

×
(

P −efective
t,n,b

) (23)

RTEM↓ = ∆t

T∑
t=1

S∑
s=1

B∑
b=1

πn × (λb − λb−1)

×
(

P +efective
t,n,b

) (24)

P EM
t = P EM+

t − P EM−
t (25)

P EMefective
t,b = P EMefective+

t,b − P EMefective−
t,b (26)

P EM
t + P Sys

t ≥ P P QP
b−1 × PQPt,b (27)

P EM
t + P −

t,n − P +
t,n + P Sys

t ≥ P P QP
b−1 × PQP n

t,n,b (28)

P EM
t + P Sys

t ≤ P SY Scap (29)

P EM
t + P −

t,n − P +
t,n + P Sys

t ≤ P SY Scap (30)

P EMefect+
t,b ≥ P EM+

t − Mbig × (1 − PQPt,b) (31)

P EMefect+
t,b ≤ P EM+

t (32)

P EMefect+
t,b ≤ Mbig × (1 − PQPt,b) (33)

P EMefect−
t,b ≥ P EM−

t − Mbig × (1 − PQPt,b) (34)

P EMefect−
t,b ≤ P EM−

t (35)

P EMefect−
t,b ≤ Mbig × (1 − PQPt,b) (36)

P +efect
t,n,b ≥ P +

t,n − Mbig ×
(
1 − PQP n

t,n,b

)
(37)

P +efect
t,n,b ≤ P +

t,n (38)

P +efect
t,n,b ≤ Mbig × (1 − PQP n

t,n,b) (39)

P −efect
t,n,b ≥ P −

t,n − Mbig × (1 − PQP n
t,n,b) (40)

P −efect
t,n,b ≤ P −

t,n (41)

P −efect
t,n,b ≤ Mbig × (1 − PQP n

t,n,b) (42)
Terminology:

Symbol Description
C Total cost associated with the Elec-

tric Vehicle Aggregator (EVA)
DAEM Cost of energy purchased in the day-

ahead electricity market (DA)
RTEM Cost of energy traded in the real-time

electricity market (RT)
BATCOST Cost associated with battery lifetime

degradation (TVB)
Sets, Universe
n, N Samples analyzed
t, T Time
v, V Electric vehicles
b, B PQP probability steps
↓ Surplus energy (energy available for

sale)
↑ Deficit energy (energy required for

purchase)
Variables and Parameters
λt, λ↑

t,s, λ↓
t,s Unit prices of energy in the DA and

RT markets
P EM

t Power traded in the DA electricity
market

P −
t,s, P +

t,s Power deficit and surplus traded in
the RT market

mv Linear degradation rate associated
with battery lifetime

CES
v Cost of energy storage [$/kWh]

BCES
v Energy storage capacity

socdeg
t,v,n Battery degradation equivalent to

state of charge
nchg Battery charging efficiency
ndsg Battery discharging efficiency
P B2G

t,v,n Power fed from the battery to the grid
P G2B

t,v,n Power fed from the grid to the bat-
tery

P B2R
t,v,n Battery power used during the trip

Rt,v,n Energy consumption during the trip
[kWh]

Xt,v,n Binary variable indicating travel state
P max Maximum allowed charging power
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Symbol Description
P max Maximum allowed charging power
SoC Lower bound of the battery state of

charge
SoC Upper bound of the battery state of

charge
SoC init

n,v Initial battery state of charge (ran-
domly assigned)

P EMefect
t,b Effective DA power for step b

P −efect
t,n,b Effective power deficit for step b

P +efect
t,n,b Effective power surplus for step b

PQPt,b Binary indicating whether total DA
load ≤ Pb

PQP n
t,n,b Binary indicating whether total RT

load ≤ Pb

Mbig Parameter used for algorithm con-
straints

The DEVCM incorporates these constraints to op-
timize its economic variables. As a result, each EVA
reports to the distribution network operator (DNO)
the required power P EM

k,t,s at busk during each periodt
for the two representative scenarios: smin and smax.
The DNO processes this informationas detailed in the
following sections. Due to the computational complex-
ity of the DEVCM, the decentralized electric vehicle
charging models were executed using the NEOS Server,
as supported by [34–36], for each load-carrying bus.

2.3.1. Electric vehicle aggregator data

The vehicle data used in this study is based on the
Tesla Model 3, as reported in [21]. The specific energy
consumption ranges between <0.19;0.25> kWh/km,
and the battery capacity is BCES=80kWh. The battery
degradation cost is defined as CES

v =< 100 − 140 >
MWh, and the linear approximation of battery lifetime
is mv =< 0.0006, 0.0017 >.

In addition, information related to the EVA charg-
ing stations includes a maximum charging power of
Pmax = 150 KW, with both charging and discharging
efficiencies set at nchg = 90 % and ndsg = 90 %, re-
spectively The state-of-charge (SoC) operating limits,
as recommended by the manufacturer, range from 15%
to 95%.

2.4. Centralized electric vehicle charging man-
agement

The centralized electric vehicle charging management
(CEVCM) is formulated as an optimal power flow
(OPF) problem that processes the aggregated power
requests P EM

k,t collected from all network EV aggre-
gators. This information modifies the day-ahead load
planning of the power system. Equation (43) repre-
sents the impact of each aggregator on the system load:
if electric vehicles require energy, the load increases;

conversely, if the EVs inject energy into the power
system (P EM

k,t with negative value), the load decreases
accordingly.

Pdk,t,s = Pdpsk,t,s + P EM
k,t,s ∀s ∈ {smin, smax} (43)

The study in [1] presents a CEVCM model, which
is refined in the present research. Both models rely
on power flow analysis to ensure proper power system
(PS) operation, incorporating a contingency variable
and various types of constraints. For each period t ,
the CEVCM is modeled using the following equations.
Equation (44) defines the objective function, which
minimizes power losses and penalizes non-supplied en-
ergy (NSE). The equality constraints, represented by
(h(x) = 0), are described in equations (45) through
(48). Equation (49) introduces the inequality constraint
g(x) (g(x) < 0). Finally, equations (50) through (53)
define the bounds on the control variables, expressed
as (x < x < x). All of these equations are applied to
each time interval analyzed.

of =
nbus∑
k=1

(Cpen · NSEk) + Pgslack (44)

Pgk + NSPk = Pdk +
nbus∑
m=1

Pkm (45)

Qgk = Qdk + Qshk +
nbus∑
m=1

Qkm (46)

Pkm = VkVmYkm cos(θkm + δkm) − V 2
k cos(τkm) (47)

Qkm = −VkVmYkm sin(θkm + δkm) + V 2
k Ykm sin(τkm)

(48)

Skm =
√

P 2
km + Q2

km ≤ Sup
km (49)

V low
i ≤ Vi ≤ V up

i (50)

dlow
i ≤ di ≤ dup

i (51)

P low
gi

≤ Pgi
≤ P up

gi
(52)

Qlow
gi

≤ Qgi
≤ Qup

gi
(53)

Terminology:
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Symbol Description
OPF Optimal Power Flow
NSE Not Supplied Energy
PS Power System
NSP Not Supplied Power
low Lower limit
up Upper limit
Subscripts, Universe
b, nbus Bar in the power system (also: i, j, k,

m)
Variables and Parameters
Pdpsi PS initial active power demand pa-

rameter
Pdi Active power demand
Qdi Reactive power demand
Pgi Active power generation
Qgi Reactive power generation
Pij Active power flow from bus i to j
Qij Reactive power flow from bus i to j
Sij Apparent power flow from bus i to j
Vi Voltage magnitude
δkm Voltage angle difference between

buses k and m
Ykm Admittance matrix magnitude
θkm Admittance matrix angle

The application results indicate that some scenar-
ios exhibit the presence of not supplied power (NSP).
Consequently, CEVCM operators must regulate the
exchange of information with the DEVCM in order to
adjust the energy traded in the day-ahead (DA) elec-
tricity market. When the load exceeds the available
power system (PS) capacity, distribution network oper-
ators (DNOs) activate the load limit calculation for the
EVAs associated with the affected buses. For further
details, refer to Section 3. Results and Discussion.

2.4.1. Coordination between centralized and
decentralized Charging Management

EV aggregators (EVAs) must apply a predefined limit
when energy is requested from the power system. To
quantify this limit, distribution network operators
(DNOs) incorporate an additional variable into their
optimization model: P EM

cap,k, representing the energy
trading capacity. This variable functions similarly to
the NSE variable, regulating the maximum amount
of power that EVAs are allowed to request from the
system. Accordingly, this model modifies equation (45)
by replacing it with equation (54), which restricts the
value of the energy traded by EVAs in relation to
the final demand of the power system, as defined in
equation (55).

Pgk + NSPk = Pdk + P EM
cap,k +

∑
m

Pkm (54)

P EM
cap,k ≤ Pdk (55)

EVAs must update their models, specifically equa-
tions (29) and (30), by adjusting the corresponding
constraints based on temporary data provided by
the regulatory agent for each EVA. Accordingly, the
model adopts the modified formulations given by equa-
tions(56) and (57).

P EM
t ≤ P EM

cap (56)

P EM
t + P −

t,n − P +
t,n ≤ P EM

cap (57)

2.4.2. Transmission power system analyzed

The transmission power system analyzed in this study
is based on the IEEE 14-bus model, as presented in [37].
Additionally, power factor data from the SEIN system,
as reported by COES-SINAC, was used to adapt the
model for daily analysis. This data corresponds to
weekdays (Monday through Friday) in February 2020,
prior to the national impact of the SARS-CoV-19 out-
break, which began affecting the country in March
2020. The reference day for peak load conditions is
February 19, 2020.

2.4.3. Distribution analysis

In addition to the transmission system analysis, this
study evaluates the distribution network using the
IEEE 13-bus power system. Figure 3 illustrates the
layout of this distribution system. The distribution
analysis incorporates outputs from the transmission-
level simulation, including bus voltages and load re-
quirements. To generate representative distribution-
level data, a data mining process is applied, which
uses a stochastic characterization of the transmission
results. This is achieved through a Monte Carlo sim-
ulation, which produces statistical samples based on
the transmission system outputs.

In Figure 3, the presence of generators simulates
vehicle-to-grid (V2G) energy injections from electric ve-
hicles at different buses in the distribution system. The
high-voltage side of the main transformer is not mod-
eled, as its primary role is voltage regulation, which
could interfere with the objective of monitoring voltage
behavior within the distribution network. Following
the data analysis and mining process, the distribution
analysis includes a data synthesis stage. This stage
produces a variety of statistical samples that syntheti-
cally represent the behavior of the distribution network
under the influence of V2G technology and the power
demand imposed by EV aggregators (EVAs).
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3. Results and Discussion

Research in [1] presents a CEVCM model applied to
the Peruvian context under three adoption scenarios.
Building upon that framework, this study explores
the coordination infrastructure between decentralized
(DEVCM) and centralized (CEVCM) electric vehicle
charging management models by comparing the same
three scenarios.

3.1. Decentralized Electric Vehicle Charging
Management

The distribution network operator (DNO) requires the
amount of energy to be traded in each period of the
day-ahead (DA) market. Table 2 presents the total

daily energy traded for each scenario, including the
minimum and maximum outputs obtained from the
Monte Carlo Simulation (MCS) analysis.

Figure 6 (a) displays the minimum MCS outputs,
while Figure 6 (b) illustrates the maximum outputs.
According to Table 2, the EVAs associated with buses
6, 9, 12, 13, and 14 cause deviations in scenarios 2 and
3.

The electric vehicle characterization conducted in
this study enables future analysis of regulatory mea-
sures focused on travel behavior and geographic distri-
bution. Study [5] also considers uncertainties related to
power generation, load demand, and real-time electric-
ity pricing; however, its analysis is limited to a typical
residential household.

Table 2. Daily energy traded with the power system by EVA

PEM [MWh] Scenario 1 Scenario 2 Scenario 3
Bar minimum maximum minimum maximum minimum maximum
2 2.211 2.188 2.953 2.103 4.802 3.887
3 2.022 1.806 1.768 1.504 2.926 3.308
4 2.469 1.293 2.321 1.566 3.313 2.361
5 1.384 0.936 1.735 1.002 3.144 1.290
6 2.502 3.357 2.835 3.389 60.494 5.655
9 1.849 2.147 2.083 2.795 3.061 59.141
10 1.809 1.101 2.255 2.150 3.265 2.422
11 1.859 1.758 2.417 2.848 2.849 3.777
12 1.526 3.381 1.930 50.309 40.676 5.078
13 1.870 1.758 2.713 61.462 44.124 79.022
14 1.392 3.381 2.192 6.734 39.120 8.427

Figure 6. Power System Load per MCS output and scenario
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Similarly, the work in [6] focuses on integrating
cost savings and efficiency in electric vehicle charging
infrastructure. Research in [7] emphasizes the inter-
action between electric vehicles and various energy
markets. The present study extends this line of work
by incorporating an optimization framework that com-
bines day-ahead and real-time market dynamics with
battery cost modeling.

3.2. Centralized Electric Vehicle Charging
Management

Network operators are required to run optimal power
flow (OPF) analyses. Table 3 presents the correspond-
ing results, where the presence of not supplied energy
(NSE) indicates that the EVA must adjust its daily
load schedule. Figure 7 (a) illustrates OPF outcomes:
the maximum output from the MCS analysis under
Scenario 1 is shown in blue, and the minimum output
from Scenario 3 is shown in red. These results demon-
strate that the impact on daily system operation is

minimal under Scenario 1, reflecting low EV adop-
tion. In contrast, Scenario 3 highlights the negative
consequences of poor coordination between CEVCM
and DEVCM. The power system performance for Sce-
nario 3 also reveals three instances of NSE (marked in
red) and an increase in system losses of up to 7.79%
compared to the business-as-usual (BAU) case.

Study [1] tests the same three scenarios under both
unregulated charging and a centralized electric vehicle
charging management (CEVCM) approach. In the case
of unregulated EV charging, the resulting non-supplied
energy (NSE) is 0.5 MWh for Scenario 1, 0.62 MWh
for Scenario 2, and 2.74 MWh for Scenario 3. In this
research, the application of DEVCM resolves power
system operation issues for Scenarios 1 and 2. How-
ever, in Scenario 3, due to limited EV availability and
the absence of coordination, the decentralized model
results in 7.44 MWh of NSE. This highlights the ne-
cessity of coordinated management for systems with
3,750 EVs or more. The following section analyzes the
impact of this coordination on the model.

Table 3. Centralized optimal power flow performance per scenario and MCS output

Bar Without Scenario 1 Scenario 2 Scenario 3
Evs Min MCS Max. MCS Min MCS Max. MCS Min MCS Max. MCS

Energy demand [MWh] 5486.08 5506.98 5509.18 5511.28 5654.06 5742.52 5672.24
Peak load [MW] 250.11 251.04 251.89 251.31 260.68 266.09 261.79

power factor 0.91 0.91 0.91 0.91 0.9 0.9 0.9
Power supplied [MWh] 5737.52 5760.42 5762.92 5765.14 5923.42 6013.54 5942.28

Losses [MWh] 251.44 253.46 253.74 253.86 269.36 271.02 270.04
ENS [MWh] 0 0 0 0 0 7.44 1.54

Maximum NSP [MW] 0 0 0 0 0 7.23 3.1
NSP Slash [#] 14 14

Figure 7. Power System operation performed by DNO
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3.2.1. Coordination between centralized and
decentralized management

The maximum amount of energy allowed for trading
by each EVA serves as a constraint in the execution
of decentralized charging management. Figure 7 (b)
illustrates the energy trading limits established by dis-
tribution network operators (DNOs), while Figure 7
(c) shows the participation of each aggregator within
those limits.

Scenario 3 is re-executed with these constraints
applied to the EVAs. Table 4 presents the resulting
energy traded between the aggregators and the DNO.
Under this coordinated strategy, the DEVCM shifts
battery charging to off-peak hours and maintains sta-
bility during peak demand periods. Figure 8 displays
the response of the EVAs under these operating condi-
tions, showing the minimum output in blue and the
maximum output in red.

Table 4. Daily energy traded with the power system by EVA

Scenario 3 PEM [MWh]
CR

min MCS max MCSbar
2 74.891 71.135
3 12.277 10.419
4 30.783 2.248
5 30.180 18.688
6 14.582 19.129
9 22.681 30.668
10 2.992 3.092
11 7.193 7.663
12 2.468 4.367
13 4.257 5.713
14 3.714 7.084

Figure 8. CEVCM coordination over DEVCM
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For both MCS outputs under DNOs load regula-
tion,no non-supplied energy (NSE) is observed, en-
suring the system operates under normal conditions
as long as the required energy transfer is achieved.
The increase in charging activity may raise daily en-
ergy losses–up to 7.34% (shown in blue) and, to a
lesser extent, up to 5.9% (shown in red). Power system
variability decreases throughout the day due to the ap-
plication of DEVCM. As a result, DNOs must plan for
this operational behavior in the long term, aiming to
reduce future peak-hour costs through increased base
generation capacity. According to the reviewed liter-
ature, this additional capacity could be provided by
renewable sources such as wind, hydro, or geothermal
energy. Table 5 presents the CEVCM power system

performance results.
Study [21] reports a positive economic impact on

EVA charging management in the absence of geograph-
ical uncertainty and under the analysis of travel pat-
terns for 500 electric vehicles. Additionally, the numer-
ical results in [23] demonstrate that, under the most
environmentally favorable scenario, excluding certain
electric vehicles from the optimization process reduces
emissions by 7% compared to the base case–while still
yielding the highest profits for the operator. Similarly,
the results in [24] propose a coordinated optimal oper-
ation strategy for a 33-node test system, achieving a
reduction in operational costs from 17.74% to 17.53%
and a decrease in system losses ranging from 29.49%
to 31.36%.

Table 5. Centralized managed optimal power flow performance

Daily charge Without SV Scenario 3 CR
min MCS max MCS

Energy demand [MWh ] 5486.08 5734.54 5683.06
Maximum load [MW] 250.11 254.87 254.93

load factor 0.91 0.94 0.93
Power supplied [MWh] 5737.52 6004.56 5949.34

Losses [MWh] 251.44 270.02 266.28
ENS [MWh] 0 0 0

Maximum NSP [MW] 0 0 0
bar 0 0

Figure 9. Distribution Power System (IEEE 13 bus) simulation
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3.3. Distribution Analysis

Figure 9 presents the results for the 5% and 14% syn-
thesized data sets, which showed the lowest error in
the distribution analysis. The distribution network
(DN) results reported in [1] indicate voltage levels ap-
proaching undervoltage conditions. In contrast, the
findings of this study show that the voltage levels at
the farthest buses (671, 675, 611, 684, 652, 680, and
692) are less prone to undervoltageissues.

4. Conclusions

The integration of decentralized electric vehicle charg-
ing management (DEVCM) into the transmission
power system (PS) improves its operational perfor-
mance compared to unregulated charging, as reported
in [1] and illustrated inTable 3, Figure 6, and Figure
7. Under purely decentralized management, the power
system performs well in Scenarios 1 and 2, even under
maximum MCS outputs, without the need for addi-
tional energy management policies. However, Scenario
3–with higher EV penetration–demands additional pol-
icy interventions to maintain system stability.

This research introduces a novel Centralized Elec-
tric Vehicle Charging Management (CEVCM) system
that operates independently of external influences, en-
suring reliable and predictable EV charging behavior.
By reducing stress on the power grid, it contributes
to mitigating power outages and related safety risks.
Moreover, CEVCM infrastructure can be deployed
in phases, adapting to EV penetration rates and en-
abling geographically targeted placement based on
observed travel patterns. As demonstrated in Table
5 and Figure 8, the CEVCM approach improves the
daily operational performance of the power system.

This work also provides a valuable framework
for addressing coordination challenges in current dis-
tributed energy management policies. The CEVCM
model supports data-driven planning for charging en-
vironments, guided by actual EV usage behavior. This
facilitates the optimization of power system infrastruc-
ture near substations experiencing high EV adoption
but limited energy trading activity, as shown in Figure
7. Furthermore, this study evaluates the unbalanced
IEEE 13-bus power system as a distribution network.
The model demonstrates compliance with Peruvian
voltage regulations, even at the most remote buses of
the distribution system.

For future research, the proposed model, particu-
larly the version incorporating the non-supplied en-
ergy (NSE) variable, offers significant potential for
evaluating grid expansion needs associated with the
integration of distributed renewable energy sources.
Further studies could explore combining the CEVCM
framework with centralized coordination mechanisms
and EV-based generation planning. The data synthesis

process could also be refined to focus on a targeted
set of operational and contingency scenarios, thereby
reducing computational complexity. Finally, a hybrid
charging management approach that integrates both
controlled and uncontrolled strategies, including day-
ahead coordination, distributed generation, and real-
time aggregator flexibility (e.g., demand response, EV
battery state-of-charge control, and distributed gener-
ation management), may yield additional operational
benefits.
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Abstract Resumen
This study evaluates the impact of B10 and B20
biodiesel blends produced from waste frying oil on
pollutant emissions when used in diesel-powered ve-
hicles operating under real-world driving conditions
at high altitudes, ranging from 2619 to 2877 meters
above sea level, in the Metropolitan District of Quito,
Ecuador. Comparative tests were conducted using
two diesel vehicles: one equipped with a common
rail direct injection (CRDI) system, designated as
M2.5C, and another with an injection pump system,
referred to as H2.5B. Both vehicles were initially fu-
eled with conventional diesel to establish a baseline.
Exhaust emissions were measured under hot-engine
conditions using a Portable Emissions Measurement
System (PEMS) along a 15.7 km route that included
ascending, descending, and urban driving segments.
The findings indicate that carbon monoxide (CO)
emissions were lowest when pure diesel was used
in both engine types. Hydrocarbon (HC) emissions
were minimal when B20 biodiesel was employed, re-
gardless of the vehicle. Nitrogen oxide (NOx) emis-
sions showed no significant differences across the fuels
tested, and in urban driving conditions, NOx levels
remained consistently stable.

Esta investigación evalúa los efectos de las mezclas
de biodiésel de aceite de fritura usado (B10 y B20)
con combustible convencional, en términos de emi-
siones, a gran altitud (entre 2619 y 2877 m s. n.
m.), bajo condiciones reales de conducción en el Dis-
trito Metropolitano de Quito, Ecuador. Se realizaron
ensayos comparativos con dos vehículos con motor
diésel; el primer sistema CRDI de inyección directa
de common rail denominado M2.5C; el segundo, con
sistema de bomba de inyección, denominado H2.5B,
ambos alimentados inicialmente con diésel puro como
línea base. Las tasas de emisiones de escape se cuan-
tificaron en caliente mediante el sistema portátil de
medición de emisiones (PEMS), a lo largo de una
ruta de 15,7 km que incluyó condiciones de ascenso,
descenso por carretera y tramos urbanos. Los resul-
tados permiten concluir que las emisiones mínimas
de CO se registran al utilizar diésel convencional en
ambos motores (H2.5B y M2.5C); las emisiones de
HC son mínimas con la mezcla B20, y las emisiones
de NOx no presentan variaciones significativas, in-
dependientemente del combustible utilizado. En el
circuito urbano, tampoco se observa una variación
significativa de las emisiones de NOx según el tipo
de combustible.

Keywords: fuel consumption index, air conditioning,
efficient driving, fuel, schedule, driving cycle
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aire acondicionado, conducción eficiente, combustible,
horario, ciclo de conducción.
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1. Introduction

The combustion of petroleum-derived fuels produces
emissions that are both toxic and harmful to public
health. According to the World Health Organization
(WHO), nine out of ten people worldwide are exposed
to polluted air, contributing to the premature deaths of
approximately seven million individuals each year [1].
In Latin America and the Caribbean, over 100 mil-
lion people are exposed to air pollution levels exceed-
ing WHO-recommended thresholds [2, 3]. Importantly,
emissions from diesel engines have been classified as
carcinogenic to humans [4,5]. The transport sector has
overtaken the energy sector as the leading contributor
to carbon emissions and other pollutants that signif-
icantly exacerbate the greenhouse effect and global
warming [6]. According to the International Transport
Forum, carbon dioxide (CO2) emissions from transport
account for 23% of global totals and represent 30% of
all CO2 emissions resulting from fossil fuel combus-
tion [7]. Moreover, the transport sector is the primary
source of conventional air pollutants responsible for el-
evated concentrations of ozone and particulate matter
in urban environments [8].

Although there is extensive literature on vehicular
emissions, most studies have been conducted in cities
located at or near sea level [9]. In Ecuador, air pollution
resulting from hydrocarbon combustion has reached
alarming levels in recent years. One major contributing
factor is the country’s topography, with cities such as
the Metropolitan District of Quito situated at an aver-
age altitude of 2,850 meters above sea level [10]. At high
altitudes, combustion becomes less efficient, leading to
increased emissions of nitrogen oxides (NOx) and par-
ticulate matter (PM) [11]. Additionally, the diesel fuel
used in Ecuador contains approximately 350 ppm of
sulfur, which restricts the import of vehicles equipped
with after-treatment technologies designed to reduce
NOx and PM emissions [11]. Higher altitudes are also
associated with increased emissions of unburned hy-
drocarbons (HC), PM, and soot [12]. Furthermore,
evidence suggests that real-world NOx emissions from
diesel vehicles have shown little improvement over
time and often exceed regulatory limits by a wide mar-
gin [13,14]. Altitude affects both intake and exhaust
pressures, which can lead to clogging of air filters and
diesel particulate filters (DPFs). Moreover, variations
in spray and combustion characteristics in diesel en-
gines have been observed across altitudes ranging from
0 to 4,500 meters, with injection pressure playing a
significant role [15]. According to Fontaras et al. [16],
the Worldwide Harmonized Light Vehicles Test Proce-
dure (WLTP) provides CO2 emission estimates that
are more representative of real-world driving condi-
tions than those from the New European Driving Cycle
(NEDC). However, the Real Driving Emissions (RDE)
test, designed to ensure regulatory compliance under

on-road conditions, specifically targets the reduction
of NOx emissions in diesel vehicles using Portable
Emissions Measurement Systems (PEMS) [17].

Traditionally, vehicular emissions are evaluated
using standardized dynamometer-based test cycles,
such as the New European Driving Cycle (NEDC),
the Worldwide Harmonized Light Vehicles Test Cycle
(WLTC), and the EPA Federal Test Procedure (FTP-
75). However, studies have demonstrated that these
laboratory protocols do not always capture the full
range of emissions encountered under real-world oper-
ating conditions. As a result, on-road testing method-
ologies have gained prominence. These rely on Portable
Emissions Measurement Systems (PEMS) to evaluate
vehicle performance under everyday driving scenarios,
including road gradients, traffic variability, ambient
temperature fluctuations, and changes in driving speed.
According to Kousoulidou et al. [18], real-world emis-
sions of nitrogen oxides (NOx) and particulate matter
can be two to four times higher than those measured
in controlled laboratory environments.

Diesel engines are widely recognized for their low
installation cost, high energy efficiency, operational
stability, and exceptional adaptability to diverse oper-
ating conditions [19,20]. However, fossil fuel reserves
are being rapidly depleted under current consump-
tion trends [21]. This has spurred growing interest in
the development of renewable, sustainable, and envi-
ronmentally friendly alternative fuels. Among these,
biofuels represent a promising energy source capable of
enhancing energy, economic, and environmental secu-
rity [22]. Biodiesel, in particular, has attracted global
attention as both a blending component and a direct
substitute for conventional fuels in internal combustion
engines (ICEs) [23,24]. To mitigate emissions of harm-
ful pollutants, blends of diesel with biodiesel derived
from oilseeds and other feedstocks have been proposed
as viable alternatives [25]. Despite its potential, there
is limited empirical evidence regarding the impact of
biodiesel blends on the performance and emissions of
diesel engines not originally designed for such fuels [26].
Furthermore, studies assessing the health impacts of
biodiesel combustion must be interpreted in the context
of rapid advances in diesel engine technology, which
have evolved significantly in response to increasingly
stringent emissions regulations [27,28].

Biodiesel has emerged as a viable alternative to
fossil fuels, garnering growing interest for its poten-
tial to reduce pollutant emissions and mitigate the
environmental impact of compression ignition engines.
Derived from renewable feedstocks such as vegetable
oils, animal fats, and recycled cooking oils, this biofuel
offers substantial advantages in terms of sustainability
and greenhouse gas (GHG) mitigation [29,30].

According to Demirbas [31], carbon dioxide (CO2)
emissions from biodiesel combustion can be reduced
by up to 78% compared to conventional diesel. Addi-
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tionally, biodiesel produces lower emissions of particu-
late matter, sulfur oxides (SOx), and carbon monoxide
(CO), thereby contributing to improved urban air qual-
ity [32]. However, its effect on nitrogen oxide (NOx)
emissions remains variable and depends on factors such
ascombustion conditions and engine design.

This study aims to evaluate the impact of B10 and
B20 biodiesel blends, derived from waste frying oil and
mixed with conventional diesel, on vehicle emissions
under high-altitude conditions ranging from 2,619 to
2,877 meters above sea level. The assessment was con-
ducted through on-road testing to quantify emissions
during real-world driving in the Metropolitan District
of Quito, Ecuador.

2. Materials and Methods

The experimental work was carried out in two stages.
The first stage involved the characterization of the
base diesel fuel and its blends with biodiesel. The
second stage consisted of evaluating the exhaust emis-
sions from a diesel engine fueled with pure diesel and
biodiesel–diesel blends (B10 and B20). All tests were
performed at an altitude of 2,810 meters above sea
level at the Laboratory for the Analysis of Vehicles
and Sustainable Mobility (LIAVMS), located in Quito,
Ecuador.

2.1. Characterization of waste cooking oil and
biodiesel production.

A total of 100 liters of waste cooking oil was collected
from a restaurant located near SEK University in
Quito, Ecuador. The oil was centrifuged and filtered to
remove suspended solids and then heated to reduce its
water content. The collected oil had undergone at least
ten frying cycles. Table 1 presents the physicochemical
characteristics and selected fuel-related properties of
the waste cooking oil [33].

The waste cooking oil was converted into fatty acid
methyl esters (FAME) via base-catalyzed transesterifi-
cation using potassium hydroxide (KOH) dissolved in
methanol. The reaction was carried out in a thermal
bath at 90 °C for 3 hours at a stirring rate of 900 rpm.
Upon completion, the reaction mixture was filtered
using Millipore equipment. To purify the filtrate, 5
mL of Milli-Q water was added for washing, followed
by 2 mL of a hexane: diethyl ether mixture (80:20) to
remove residual impurities, catalyst traces, and solvent.
The mixture was then transferred to separating fun-
nels and allowed to stand for 20 minutes to facilitate
phase separation. The organic phase was subsequently
collected in pre-weighed tubes and dried in an oven at
60 °C for 24 hours.

The production cost of one liter of biodiesel at the
laboratory scale was approximately three U.S. dollars,
a value that could be reduced under industrial-scale
conditions. In comparison, the international market
price for conventional diesel is around one dollar per
liter, making biodiesel production economically unvi-
able under laboratory-scale parameters. However, it
is important to note that biodiesel is not typically
used at 100% concentration (B100). The literature rec-
ommends blending levels of no more than 20% (B20)
due to the associated reduction in engine torque and
power output [3]. Therefore, one liter of biodiesel can
be mixed with at least five liters of conventional diesel,
which improves economic feasibility when applied un-
der real-world blending practices.

Table 1. Physicochemical properties of waste cooking oil

Property Value
Acidity 1,998±0,02
Kinematic viscosity (mm2/s, a 313 K) 35,4±0,05
pH 2,9±0,0
Density (kg/L, at 288 K) 0,931±0,02
Water content (%) 0,46±0,01
Saponification value 124,31±0,03
ÍIodine value 30,85±0,01
Cetane number 47±0,1
Free fatty acid (mg KOH/g oil) 1,29±0,03

2.2. Characterization of diesel/biodiesel blends

Presents the physicochemical properties of the fuel
samples, characterized in accordance with ASTM stan-
dards and compared against the limits established by
Ecuadorian Technical Standard INEN 1489:2012 for
diesel and biodiesel blends. All measured values com-
plied with the specified requirements. According to
the literature, a higher cetane number contributes
to improved combustion performance in diesel en-
gines [25], [32].

2.3. Test vehicles

Table 3 presents the technical specifications of the two
test vehicles used in this study. The first vehicle, an
MB-5 van from the 2015 model year, had an odometer
reading of 55,000 km. The second, an H2.5 van also
from 2015, had accumulated 143,365 km. Although the
H2.5 is equipped with an older injection system, it was
included in the study due to its continued presence in
Ecuador’s second-hand vehicle market. Moreover, this
type of engine remains in use in certain heavy-duty
applications, such as trucks, locomotives, and marine
vessels, where durability and mechanical simplicity are
critical.



64 INGENIUS N.◦ 34, july-december of 2025

Table 2. Physicochemical characterization of diesel and biodiesel blends.

Fuel properties Standard

Diesel Diesel INEN
Diesel / 10% / 20 % Standard:

Premium biodiesel biodiesel 1489
(B10) (B20) 2012

Cetane number
ASTM

51.7 53.2 53.5
45

D976 min.
Distillation curve

ASTM D88 336 336 343
360

T90 – 90 %
max.evap„ (oC)

Flash Point ASTM
61 63 66

51
(oC) D93 min.

Sulfur content (ppm)
ASTM

145.9 122.7 106.7
650

D4294 max.
Copper strip corrosion ASTM D130 1A 1A 1A 3

Kinematic
ASTM D445 3.528 3.445 3.459 2-Mayviscosity at

40 oC (mm2/s)
Water and sediment

ASTM D1796 <0,05 <0,05 <0,05
0.05

content (%) max.

Table 3. Main technical specifications of test vehicles.

Model
Fuel Engine Displacement

Power Torque
Compression

system type (cm3) ratio
CRDI

2499 cm3 18:01

M2.5C Common 4 330 Nm
Double Cabin Rail Diesel cylinders 117.3 kW 1800

Pick up Electronic in line, 3500 rpm rpm
Injection DOHC
EURO 3

H2.5B Van

4

2476 cm3 21:01

cylinders
Injection in line, 392 Nm
pump, SOHC, 73.08 kW 2000 -
type of TCi 3800 rpm 2500
bypass (Injecting rpm

EURO 3 timing
control)

Prior to the experimental tests, the vehicles under-
went preventive maintenance, including oil changes,
replacement of fuel filters, and injector cleaning. The
selected vehicle model is commonly used in the moun-
tainous regions of Ecuador due to the country’s ge-
ographical variability and prevalence of third-order
roads. Additionally, the vehicle brand ranks among
the ten best-selling in Ecuador’s national vehicle fleet,
which adds relevance to its inclusion in the study [34].
Its engine displacement is representative of the aver-
age configuration for this class of vehicle, and it is
equipped with a catalytic converter designed to reduce
pollutant emissions.

2.4. Road circuit

The driving cycle used in this study was based on the
route developed by Pisuña and Solís [35], with a total
length of 15,673 meters, comprising 7,993 meters of

suburban roadway and 7,680 meters of urban segments.
Figure 1 illustrates the route selected for the on-board
emissions tests, which was designed to evaluate vehi-
cle performance in relation to altitude and pollutant
emissions. The average elevation along the route is
2,610 meters above sea level [36]. The route is divided
into two main sections. The first begins with an ascent
along Avenida Rumiñahui, where data were collected
for subsequent analysis, followed by a descent toward
the Cloverleaf interchange, which provided a second set
of measurements. The second section covers the urban
portion of the route, extending from the Cloverleaf to
Plaza Artigas. This phase of the study accounted for
variables such as traffic density, number of circulating
vehicles, ambient temperature, and weather conditions.
The data collected enabled a comparative analysis of
the different fuel alternatives and their environmental
impacts under real-world driving conditions.
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Figure 1. Driving route used for on-board emissions testing [35]

The study was designed to analyze the route in
discrete sections rather than as a continuous whole,
based on several technical considerations. These in-
cluded variability in engine load, the need for accu-
rate characterization of real-world driving behavior,
improved calibration of simulation models, and the
development of targeted mitigation strategies for seg-
ments associated with the highest emission levels, such
as steep inclines or congested urban areas.

2.5. Portable emission data acquisition system

Exhaust gas measurements were conducted using the
Axion OEM-2100AX model, which records volumetric
concentrations of pollutants by interfacing with the ve-
hicle’s onboard diagnostic port (OBD2) [27]. Detailed
technical specifications of the equipment are provided
in Table 4.

Table 4. Especificaciones técnicas del sistema de medición de emisiones Axion OEM-2100AX

Parameter Measurement Range Accuracy Resolution
Measuring Greater than or equal to Greater than or equal Greater than or equal
O2 (sensor) (0,01 a 25 % vol.) 0,1 % abs. 0,01 % vol.

Measurement Greater than or equal to Greater than or equal to Greater than or equal
CO (NDIR) (0,001 a 10 % vol.) 0,02 % abs. 0,001 % vol.

Measurement Greater than or Greater than or equal Greater than or equal
NOx (sensor) equal (0 a 4000 ppm) 25 ppm abs. 1 ppm
Measurement Greater than or equal to Greater than or equal to Greater than or equal
CO2 (NDIR) (0,01-16 % vol.) 0,30 % abs. 0,01 % vol.
Measurement Greater than or equal to Greater than or equal Greater than or equal
HC (NDIR) (1 a 15 000 ppm) 4 ppm abs. 1 ppm
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2.6. Variable analysis

A multilevel factorial design was implemented to evalu-
ate various fuel mixtures (diesel, B10, and B20) in two
vehicles with distinct injection technologies: Common
Rail Direct Injection (CRDI) and mechanical injection
pump systems. Each vehicle was tested under three
driving conditions, ascending, urban, and descending,
resulting in multiple combinations for assessing emis-
sions of carbon monoxide (CO), hydrocarbons (HC),
nitrogen oxides (NOx), as well as oxygen (O2) and
carbon dioxide (CO2) concentrations. Five repetitions
were performed for each experimental condition. Con-

trol charts were applied to assess the reliability of the
experimental data, ensuring consistency by identifying
deviations that might cause excessive variability rela-
tive to acceptable thresholds [37]. The nomenclature
used for the factorial combinations is presented in Ta-
bles 5 and 6. The statistical methodology follows the
approach proposed by several authors, including that
of [23]. According to Serrano et al. [38], the influence of
independent variables on response variables can be ef-
fectively evaluated using response surface methodology
(RSM) [39,40]. Data analysis was performed using the
educational version of Statgraphics Centurion XVI.

Table 5. Factor levels and designation codes

Factors Levels Designation 1 Designation 2

Vehicle
M2.5C (2,5 cm3 CDRI) 1 A2

H2.5B (2,5 cm3 injection pump) -1 A1
Fuel Diesel 1 C1
Type B10 0 C2

B20 -1 C3
Driving Ascent 1 AS

condition Urban 0 UR
Descent -1 DE

Table 6. Experimental treatment combinations for response surface analysis

Treatment Vehicle Fuel
Driving
condition

1 A1 C1 AS
2 A1 C2 UR
3 A2 C2 UR
4 A2 C1 AS
5 A1 C3 UR
6 A2 C2 DE
7 A1 C3 DE
8 A2 C3 DE
9 A1 C1 DE
10 A2 C3 UR
11 A2 C1 UR
12 A1 C2 DE
13 A2 C1 DE
14 A1 C3 AS
15 A2 C3 AS
16 A1 C2 AS
17 A1 C1 UR
18 A2 C2 AS

3. Results and Discussion

This section presents the results obtained from the ex-
perimental procedures. Tables 7 and 8 summarize the
data used for response surface analysis of the two test
vehicles. Across all cases, standard deviations were low,

and the coefficients of variation remained below 20%,
indicating moderate and acceptable levels of variability.
The range values, defined as the difference between
the maximum and minimum measurements, were also
within acceptable limits for most variables.

Response surface methodology (RSM) has been
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widely used in similar studies to evaluate the influence
of multiple independent factors on dependent variables,
as well as to construct predictive models of their in-

teractions. This approach has been applied by authors
such as Morales-Bayetero et al. [41], Guardia et al. [40],
and Rocha-Hoyos et al. [25], among others.

Table 7. Statistical summary of emission measurements for H2.5B vehicle

Count Average Standard Deviation Coefficient of Variation (%) Range
ADCO2 5 7.76 0.44 5.74 1.06

AB10CO2 5 9.03 0.28 3.13 0.62
AB20CO2 5 8.67 0.34 4.01 0.78

ADCO 5 0.02 0 0 0
AB10CO 5 0.02 0 0 0
AB20CO 5 0.018 0.002 11.29 0.004
ADHC 5 112.41 4.84 4.3 11.79

AB10HC 5 164.74 4.75 2.88 10.23
AB20HC 5 131.47 10.59 8.06 24.03
ADNOx 5 334.47 10.54 3.15 23.67

AB10NOx 5 352.89 7.8 2.21 17.66
AB20NOx 5 360.86 9.89 2.74 22.16
DDCO2 5 3.56 0.29 8.34 0.64

DB10CO2 5 4.22 0.57 13.52 1.26
DB20CO2 5 4.2 0.15 3.75 0.38

DDCO 5 0.017 0.002 16.49 0.005
DB10CO 5 0.015 0.002 18.85 0.006
DB20CO 5 0.011 0.0004 3.97 0.001
ADHC 5 129.63 3.8 2.93 9.06

DB10HC 5 169.55 2.62 1.54 5.82
DB20HC 5 141.45 5.98 4.23 13.68
DDNOx 5 157.18 4.03 2.56 9.65

DB10NOx 5 152.27 5.31 3.48 13.01
DB20NOx 5 182.86 12.96 7.08 30.92

UDCO2 5 3.42 0.32 9.48 0.73
UB10CO2 5 3.92 0.1 2.58 0.22
UB20CO2 5 3.69 0.24 6.56 0.58

UDCO 5 0.011 0.0008 7.42 0.002
UB10CO 5 0.011 0.0012 11.22 0.003
UB20CO 5 0.011 0.0012 11.22 0.003
UDHC 5 75.06 2.47 3.29 5.33

UB10HC 5 126.15 7.11 5.63 16.31
UB20HC 5 112.26 3.33 2.97 8.17
UDNOx 5 167.52 6.13 3.66 14.39

UB10NOx 5 173.45 2.43 1.4 5.36
UB20NOx 5 179.53 8.01 4.46 18.69

Note: ADCO2 (Ascent Diesel CO2 (%)), AB10CO2 (Ascent B10 CO2 (%)), AB20CO2 (Ascent B20 CO2
(%)), ADCO (Ascent Diesel CO (%)), AB10CO (Ascent B10 CO (%)), AB20CO (Ascent B20 CO (%)), ADHC
(Ascent Diesel HC (ppm)), AB10HC (Ascent B10 HC (ppm)), AB20HC (Ascent B20 HC (ppm)), ADNOx

(Ascent Diesel NOx (ppm)), AB10NOx (Ascent B10 NOx (ppm)), AB20NOx (Ascent B20 NOx (ppm)),
DDCO2 (Descent Diesel CO2 (%)), DB10CO2 (Descent B10 CO2 (%)), DB20CO2 (Descent B20 CO2 (%)),
DDCO (Descent Diesel CO (%)), DB10CO (Descent B10 CO (%)), DB20CO (Descent B20 CO (%)), ADHC
(Descent Diesel HC (ppm)), DB10HC (Descent B10 HC (ppm)), DB20HC (Descent B20 HC (ppm)), DDNOx

(Descent Diesel NOx (ppm)), DB10NOx (Descent B10 NOx (ppm)), DB20NOx (Descent B20 NOx (ppm)),
UDCO2 (Urban Diesel CO2 (%)), UB10CO2 (Urban B10 CO2 (%)), UB20CO2 (Urban B20 CO2 (%)), UDCO
(Urban Diesel CO (%)), UB10CO (Urban B10 CO (%)), UB20CO (Urban B20 CO (%)), UDHC (Urban Diesel
HC (ppm)), UB10HC (Urban B10 HC (ppm)), UB20HC (Urban B20 HC (ppm)), UDNOx (Urban Diesel
NOx (ppm)), UB10NOx (Urban B10 NOx (ppm)), UB20NOx (Urban B20 NOx (ppm)).



68 INGENIUS N.◦ 34, july-december of 2025

Table 8. Statistical summary of emission measurements for M2.5C vehicle

Count Average Standard Deviation Coefficient of Variation (%) Range
ADCO2 5 8.71 0.62 7.13 1.42

AB10CO2 5 8.17 0.24 3.04 0.61
AB20CO2 5 8.85 0.46 5.3 0.99

ADCO 5 0.45 0.03 7.94 0.08
AB10CO 5 0.29 0.02 9.78 0.07
AB20CO 5 0.43 0.03 8.9 0.09
ADHC 5 143.02 1.33 0.92 3.03

AB10HC 5 107.46 1.89 1.76 4.01
AB20HC 5 86.82 2.82 3.25 6.48
ADNOx 5 469 15.71 3.34 32.97

AB10NOx 5 542.2 10.43 1.92 22.98
AB20NOx 5 494.52 3.22 0.65 6.7
DDCO2 5 4.32 0.311 7.219 0.55

DB10CO2 5 4.76 0.11 2.46 0.27
DB20CO2 5 5.13 0.19 3.84 0.46

DDCO 5 0.15 0.02 14.54 0.05
DB10CO 5 0.23 0.03 12.79 0.07
DB20CO 5 0.22 0.02 9.74 0.05
ADHC 5 219.93 5.7 2.59 13.38

DB10HC 5 234.55 4.43 1.88 9.7
DB20HC 5 136.5 3.6 2.63 6.68
DDNOx 5 299.88 8.18 2.72 15.29

DB10NOx 5 322.53 9.31 2.88 21.62
DB20NOx 5 256.29 9.19 3.58 20.72
UDCO2 5 4 0.06 1.51 0.14

UB10CO2 5 3.86 0.15 3.93 0.37
UB20CO2 5 4.39 0.16 3.74 0.39

UDCO 5 0.19 0.01 8.64 0.04
UB10CO 5 0.17 0.02 11.61 0.04
UB20CO 5 0.2 0.009 4.61 0.02
UDHC 5 145.08 7.86 5.41 17.98

UB10HC 5 174.43 1.71 0.98 3.71
UB20HC 5 122.78 2.39 1.94 5.7
UDNOx 5 275.74 8.52 3.09 19.18

UB10NOx 5 339.06 17.19 5.07 36.23
UB20NOx 5 322.82 11.51 3.56 24.1

3.1. Experimental Analysis of CO2 and CO
emissions

Figure 2 illustrates the carbon dioxide (CO2) emis-
sion patterns of the H2.5B vehicle (2.5 L injection
pump engine) across different fuel types and driving
conditions. The lowest CO2emissions were recorded
during descent with conventional diesel fuel, reaching
values of approximately 2.8% by volume, indicating
improved combustion efficiency under reduced engine
load and favorable operating conditions. Regarding
carbon monoxide (CO) emissions, the most favorable
results were also observed when using diesel during
descent, as well as during ascent with B20 biodiesel,
where CO concentrations dropped to approximately
0.0008% by volume.

In the case of the M2.5C vehicle (2.5 L CRDI en-
gine), the CO2 emission behavior is consistent with
that observed in the H2.5B vehicle, as illustrated in Fig-
ure 3a. The lowest CO2 concentrations were recorded
under descent conditions when conventional diesel was
used. However, for CO emissions, fuel type did not
appear to be a significant influencing factor. Instead,
driving conditions played a more critical role. The
lowest CO values were again observed during descent,
reaching approximately 0.0008%, identical to the min-
imum values recorded for the H2.5B vehicle (Figure
3b) [42].
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Figure 2. CO2 emissions (a) and CO emissions (b) from
the H2.5B vehicle as a function of fuel type and driving
conditions.

Figure 3. CO2 emissions (a) and CO emissions (b) from
the M2.5C vehicle as a function of fuel type and driving
conditions.

The Pareto diagram presented in Figure 4 illus-
trates the relative influence of experimental factors
on CO2 emissions. The diagram includes the main ef-
fects and two-factor interactions: AC (Vehicle–Driving

Condition), BC (Fuel–Driving Condition), and AB (Ve-
hicle–Fuel). Among these, driving conditions emerged
as the most significant factor affecting CO2 levels. This
result is further supported by the trends shown in Fig-
ure 5. In the case of CO emissions, the most influential
variables were the vehicle type, driving conditions, and
their interaction, as depicted in Figure 6.

Figure 4. Effects of factors on CO2 emissions.

Figure 5. Main effects of factors on CO2 emissions.

Figure 6. Effects of factors on CO emissions.

3.2. Experimental Analysis of HC emissions

Figure 7 presents the hydrocarbon (HC) emission be-
havior of the H2.5B vehicle (2.5 L injection pump en-
gine) as a function of fuel type and driving condition.
The lowest HC concentrations were observed when
using conventional diesel, regardless of the driving con-
dition, suggesting that in this vehicle configuration,
fuel type has a greater influence on HC emissions than
operating mode. In contrast, the M2.5C vehicle (2.5 L
CRDI engine) exhibited a different trend, as shown in
Figure 8.
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The lowest HC emissions were recorded when op-
erating with B20 biodiesel during ascent conditions.

Figure 7. HC emissions from the H2.5B vehicle as a
function offuel and driving conditions.

Figure 8. HC emissions from the M2.5C vehicle as a func-
tion of fuel and driving conditions.

The Pareto diagram in Figure 9 illustrates the influ-
ence of individual factors and their interactions on HC
emissions. The most significant contributors were the
driving conditions, followed by the interaction between
vehicle type, fuel type, and driving conditions. In Fig-
ure 10, the main effects of each variable are shown
independently, providing a clearer understanding of
the relative impact of each factor on HC emissions.

Figure 9. Effects of factors on HC emissions.

Figure 10. Main effects of factors on HC emissions.

3.3. Experimental Analysis of NOx Emissions

Figure 11 illustrates the nitrogen oxide (NOx) emis-
sion behavior of both the M2.5C (2.5 L CRDI) and
H2.5B (2.5 L injection pump) vehicles as a function
of fuel type and driving condition. The lowest NOx

emissions were observed during descent conditions,
with fuel type showing no statistically significant ef-
fect in this context. Previous studies, such as that by
Rocha-Hoyos et al. [25], have reported that biodiesel
combustion tends to lower particulate matter, carbon
monoxide, and smoke opacity, while slightly increasing
NOx emissions relative to conventional diesel. Simi-
larly, findings by Tesfa, Mishra, and Ball [28] suggest
that biodiesel use generally results in increased NOx

levels, irrespective of the feedstock source. However, in
the present study, these increases were not statistically
significant, likely due to the high-altitude driving con-
ditions and real-world measurement approach, which
reflect actual vehicle operation more accurately than
laboratory conditions. Additional strategies, such as
biodiesel–ethanol blending, have been proposed to mit-
igate NOx emissions more effectively [43].

Figure 11. NOx emissions as a function of fuel type and
driving conditions for the M2.5C vehicle (a) and the H2.5B
vehicle(b).
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4. Conclusions

The chemical characterization of waste frying oil re-
vealed a cetane number of 47, confirming its suitability
for biodiesel production through transesterification.

Biodiesel blends (B10 and B20) met the quality cri-
teria outlined in INEN Standard 1489:2012, validating
their potential use as alternative fuels in compression
ignition engines.

CO2 and CO emissions from both the H2.5B and
M2.5C vehicles were lowest under descent conditions
when fueled with conventional diesel. This is attributed
to reduced engine load, operation in coasting or injec-
tion cutoff modes, and overall improved combustion
efficiency in such scenarios.

HC emissions were minimized in ascent conditions
when using B20 biodiesel in both vehicles. The in-
creased oxygen content in the biodiesel likely enhanced
combustion under high load, thereby reducing un-
burned hydrocarbons.

NOx emissions were also lowest during descent,
regardless of the fuel type, due to the reduced com-
bustion chamber temperature and lower engine load
in these operating conditions.
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Abstract Resumen
This paper presents the development of a computing
platform for the real-time monitoring of cardiovas-
cular parameters derived from bioelectrical signals.
A comprehensive analysis of primary users was con-
ducted, leading to the identification of both technical
and functional requirements. The interface design
was guided by Sommerville’s methodology. The sys-
tem architecture is based on a microservices model,
incorporating a relational database and enabling inte-
gration with data transmitted from Internet of Things
(IoT) devices. The platform was evaluated through
incremental stress testing, starting with zero users
and increasing in steps of 100 up to 5,000. A total of
22,132 requests were processed at a peak rate of 440.4
requests per second, with an average response time of
930 ms and 95% of responses occurring within 2,300
ms. The system demonstrated error-free performance
with up to 1,700 concurrent users. At 5,000 users
and 26,393 total requests, a minimal error rate of
0.16% was recorded, confirming the platform’s sta-
bility under high workloads. These findings validate
the feasibility of the proposed solution for remote
biomedical monitoring, offering an efficient, scalable,
and robust tool for real-time health supervision.

Este artículo describe el desarrollo de una plataforma
informática destinada al monitoreo en tiempo real
de parámetros cardiovasculares a partir de señales
bioeléctricas. Se realizó un análisis de los usuarios
principales y se identificaron los requisitos técnicos y
funcionales necesarios. Asimismo, las interfaces fueron
diseñadas aplicando la metodología propuesta por
Sommerville. La arquitectura del sistema se basa en
microservicios, incorporando una base de datos rela-
cional y permitiendo la integración con datos prove-
nientes de dispositivos del Internet de las Cosas (IoT).
La evaluación del sistema se llevó a cabo mediante
pruebas de simulación de carga, iniciando con 0 usuar-
ios y aumentando en intervalos de 100 hasta alcanzar
los 5000 usuarios. Durante las pruebas, se procesaron
22 132 solicitudes, con una tasa promedio de 440,4
solicitudes por segundo, manteniendo un tiempo de
respuesta medio de 930 ms y logrando que el 95 %
de las respuestas se ubicaran por debajo de los 2300
ms. Se comprobó que el sistema opera sin errores
hasta un umbral de 1700 usuarios concurrentes. Con
5000 usuarios y un total de 26 393 solicitudes, se
registró un porcentaje mínimo de error del 0,16 %,
lo que evidencia su capacidad para gestionar altas
cargas de trabajo de manera estable. Estos resultados
confirman la viabilidad de la plataforma para el mo-
nitoreo remoto de parámetros biomédicos, ofreciendo
una solución eficiente y escalable para la supervisión
de la salud en tiempo real.

Keywords: HTTP, MQTT, biomedical parameters,
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1. Introduction

Experts in Information and Communication Technol-
ogy (ICT) are increasingly transforming biomedical
research to enhance disease prevention and monitoring
efforts [1,2]. Interdisciplinary collaboration among spe-
cialists in ICT, electronics, automation, and medicine
is essential to drive technological innovation in the
healthcare sector.

In Ecuador, there is substantial potential for the
development and implementation of information plat-
forms tailored to the healthcare sector. However, cur-
rent initiatives often lack effective integration between
Internet of Things (IoT) capabilities and real-time
monitoring systems. This gap underscores the need for
a technological solution that facilitates accessible, effi-
cient, and continuous monitoring of vital signs using
IoT-enabled devices.

Dr. Tedros Adhanom, Director-General of the
World Health Organization (WHO), has emphasized
the importance of leveraging digital technologies to en-
sure universal access to healthcare services. According
to his perspective, these tools should not be regarded
as ends in themselves, but rather as essential means to
advance public health [3]. Among their most impactful
applications is the monitoring of vital signs, which
plays a critical role in enhancing medical care [4].

A systematic review conducted by García et al.
evaluated the clinical effectiveness of ICT-based inter-
ventions in the management of chronic diseases. The
study included 24 investigations focused on asthma,
hypertension, diabetes, heart failure, and cardiovas-
cular prevention. The findings indicated that the use
of ICT enhances the detection and monitoring of car-
diovascular conditions, reduces mortality rates, and
improves the efficiency of healthcare services [5].

Cardiovascular parameters such as heart rate and
blood pressure provide critical insights into a patient’s
systemic condition, particularly following clinical pro-
cedures [6]. This highlights the need to develop both
software and hardware tools specifically designed to
support cardiovascular healthcare [7].

In this context, the Internet of Medical Things
(IoMT) has emerged as a key technology, enabling
the interconnection of medical devices with software
applications via network infrastructures [8]. IoMT sig-
nificantly enhances healthcare by facilitating remote
patient monitoring, diagnosis, and treatment [9, 10].

Additionally, applications integrated into smart-
watches and smart rings have been developed to record
data such as heart rate, oxygen saturation, and body
temperature. However, these devices are primarily in-
tended for tracking physical activity and sleep patterns.
Their specifications explicitly state that they are not
classified as medical devices; consequently, the data
they provide are for informational purposes only and
should not be used for clinical, diagnostic, or research

applications.
In the province of Santa Elena, a device was de-

veloped for home-based monitoring of biomedical pa-
rameters. Although the acquired data were displayed
on a test IoT platform, a customized information sys-
tem for comprehensive data management was not im-
plemented [11]. Nevertheless, such devices hold con-
siderable potential to actively engage physicians and
specialists in the continuous monitoring of patients’
health status.

This article presents the progress of a multidisci-
plinary research project titled "Research on IoT Ap-
plications in Bioelectric Signal Acquisition" (CUP:
91870000.0000.389571), led by the Technology, Sci-
ence, and Education (TECED) research group of the
Faculty of Systems and Telecommunications at the
State University Peninsula of Santa Elena. The project
supports the specific objective of integrating the bio-
electric signal acquisition system with a database-free
platform. Within this framework, information tech-
nologies are leveraged to develop an innovative tool for
continuous patient monitoring, incorporating clinical
evaluation of the patient’s health status.

The primary objective was to develop an infor-
mation platform for monitoring heart rate, oxygen
saturation, and body temperature, which are derived
from bioelectric signals.

This article is structured as follows: Section 2 de-
tails the materials and methods employed in the design,
development, and evaluation of the mobile application
and web platform; Section 3 presents the results ob-
tained following the implementation of the proposed
infrastructure; and Section 4 outlines the conclusions
and acknowledgments.

2. Materials and Methods

2.1. Methodology

This article addresses the design and development of
an information platform for visualizing data transmit-
ted from an IoT device that reports heart rate, oxygen
saturation, and body temperature, which are derived
from bioelectric signals [11,12].

As part of the user analysis, two primary profiles
were identified: physicians and patients. According to
a 2023 report published by the United Nations, over
75% of the global population owns a mobile phone,
and 65% has internet access [13]. These figures sup-
ported the decision to prioritize the development of a
mobile application for patients. Furthermore, recent
studies [14,15] show that physicians spend most of their
workday using computers, justifying the implementa-
tion of a web-based application tailored to healthcare
professionals.

For data transmission, the Message Queuing
Telemetry Transport (MQTT) protocol was selected,
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as it is widely used in IoT applications at the appli-
cation layer [16]. This protocol is distinguished by its
ability to support continuous data transmission while
optimizing bandwidth and minimizing latency [17].

Asaad et al. demonstrated that an IoT-based re-
mote health monitoring system, integrating GSM, Wi-
Fi, and MQTT, is highly effective for patient follow-up
in rural areas beyond the coverage of hospital networks.
The system achieved a 99.89% success rate in data
transmission, with a round-trip time of 7.5 ms and a
total energy consumption of 900 mWh, using MQTT
as the primary communication protocol [8].

For real-time data visualization in the user inter-
face, MQTT over WebSocket was implemented, draw-
ing on findings from the Internet Engineering Task
Force (IETF) working group, which identifies Web-
Socket as an efficient solution for bidirectional client-
server communications, eliminating the need for multi-
ple HTTP requests in web applications [18]. Oliveira et
al. compared MQTT and WebSocket using ESP8266
modules and Node.js servers for data exchange, con-
cluding that WebSocket is preferable in environments
with round-trip times exceeding 1 ms [19].

Similarly, in the IoT system design proposed by
Jun-Oh Seo, MQTT was employed for sensor data
collection, and WebSocket for bidirectional communi-
cation in low-energy scenarios, thereby validating the
combined efficiency of both protocols. Accordingly, in
this project, MQTT over WebSocket was adopted for
real-time data visualization in the user interface, while
MQTT was also used for communication between the
broker and the PHP service responsible for database

storage, as illustrated in Figure 1. This configuration
prevents the generation of multiple HTTP requests
that would otherwise occur if data were sent directly
from the application to the database.

Figure 1. Data connection architecture

Once the corresponding analysis was completed, the
system’s functional requirements were defined. These
requirements provide an overview of the platform, pro-
mote clear and consistent communication among stake-
holders, support a comprehensive understanding of the
system, and establish a robust foundation for the de-
sign phase. Additionally, the general use case of the
system is depicted in Figure 2.

The functional requirements were organized into
specific modules tailored to specific user roles, such
as physician or patient, as well as general modules
applicable to all users.

Figure 2. System Use Case
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General Modules.

• Authentication Module: All users (physicians,
patients, or administrators) must authenticate to
access the system. Access permissions and visible
information vary depending on the assigned role,
ensuring both privacy and security. Patients may
create their accounts exclusively through the mo-
bile application, while physicians are required to
register via the web platform. The system also
supports credential recovery by allowing users
to enter their email address. A verification code
is then sent, which, once validated, permits the
user to update their login credentials.

• Profile Module: This module allows users to
customize and update their personal informa-
tion, including phone number, email address, and
profile picture. It also enables users to modify
authentication parameters.

• Reports Module: Physicians can access de-
tailed reports on the number of patients seen and
consultations conducted. Patients can view their
medical prescriptions and clinical history. Admin-
istrators can query aggregated system data, in-
cluding the total number of registered devices, pa-
tients, and physicians. Information is presented
in both tabular and graphical formats to support
data analysis.

Administrator Role Modules.

• Administration Module: Administrators are
provided with tools for comprehensive user man-
agement, including physicians, patients, and
other administrators. They can create, enable,
disable, and edit user accounts. Additionally, ad-
ministrators can manage alert types and define
new biomedical parameters.

Patient Role Modules.

• Medical Module: This module allows patients
to select physicians by specialty and healthcare
facility, and to configure access permissions for
their medical data.

• Telemedicine Module: This module enables
redirection to WhatsApp and Telegram for con-
ducting consultations, video calls, and sending
direct messages to the physician via the platform.

• Biomedical Data Module: This module dis-
plays real-time values for heart rate, body tem-
perature, and oxygen saturation. It also allows
patients to manage additional health data, such
as weight and height, annotate alerts, and view
their complete alert history. Only the assigned

physician has access to the patient’s data. Pa-
tients can disable a malfunctioning device and
register a replacement.

Physician Role Modules.

• Patient Module: Physicians can access the
complete list of assigned patients and review
their vital signs, including heart rate, temper-
ature, and oxygen saturation, along with the
history of generated alerts. During consultations,
physicians can record clinical observations, issue
electronic medical prescriptions, and generate
detailed reports for each biomedical parameter.
They can also communicate with patients via
WhatsApp, Telegram, or through direct messag-
ing on the platform.

One of the core functionalities represented in the
general use case diagram is the visualization of biomed-
ical parameters, as shown in Figure 2. To illustrate
the underlying system logic, a channel diagram was
developed and is presented in Figure 3. This diagram
outlines the sequence of activities required to perform
this function, along with the actors or components
involved in the process: patient, system, server, and
user interface.

Each actor is responsible for specific actions, rep-
resented by activity rectangles that illustrate the flow
from data acquisition to its presentation to the end
user. The diagram is vertically segmented into par-
allel lanes, each delineating the responsibilities of a
given actor. This structure enables a clear visualization
of the vital signs display process and how it unfolds
sequentially [20].

To visualize vital signs on the interface, the user
must first place their finger on the IoT device. Once
the device processes the data, it is published to the
MQTT broker. On the platform, the user then selects
the option corresponding to vital signs, which triggers
an internal connection to the user’s specific topic. The
data are subsequently received and displayed in real
time on the interface.

In addition to visualizing vital signs, the acquired
data are stored in the database and used to automati-
cally generate alerts. To identify abnormal values for
heart rate, oxygen saturation, and body temperature,
reference ranges were established based on prior stud-
ies [21–23]. These thresholds served as the basis for
defining the criteria that trigger alert activation.

Once the values are transmitted from the IoT de-
vice, they pass through a series of validation filters. If
any parameter falls outside the defined normal range,
an alert is generated, recorded in the database, and
simultaneously sent to both the emergency contact
and the assigned physician.

For heart rate, the system first verifies the type of
parameter received. If the parameter corresponds to
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heart rate, the system analyzes the patient’s gender
and age to classify the value as either appropriate or

abnormal. The thresholds established for this classifi-
cation are presented in Table 1.

Figure 3. Channel Diagram

Table 1. Heart Rate thresholds by age and gender (beats
per minute)

Heart rate
Age (years) Men Women

20-29 86 or more 96 or more
30-39 86 or more 98 or more
40-49 90 or more 100 or more

50 or more 90 or more 104 or more

If the parameter corresponds to oxygen saturation
and the recorded value is below 90%, an automatic
alert is triggered, as this level is classified as severe
hypoxemia, as shown in Table 2.

Table 2. Oxygen Saturation

Oxygen Saturation Thresholds for Hypoxemia
Age (years) Value

Mild hypoxemia 90-94 %
Severe hypoxemia < 90 %

Finally, if the parameter corresponds to body tem-
perature, the system can generate two types of alerts:
hypothermia and fever, based on the thresholds estab-
lished in Table 3.

Table 3. Body Temperature Thresholds for Alert Classifi-
cation

Temp Body temperature
Age (years) Value
Hypothermia < 35 °C

Low-grade fever / Fever 37,2 a 38,9 °C
Hyperthermia > 40,6 °C

To support a clearer understanding of the alert
generation process, the diagram shown in Figure 4 was
developed.

After the system requirements were clearly defined,
the architecture type was selected. The information
platform adopts a microservices architecture model. In
this approach, the client layer communicates via HTTP,
enabling request and response handling through a
FHIR-compatible API developed using Node.js and
PHP. This API implements resources such as Patient
in accordance with the HL7 FHIR specification and
provides RESTful endpoints that consume data in
the application/fhir+json format, integrated with a
MySQL database.

Additionally, when clients access the application,
they subscribe to the topics published on the MQTT
broker. The connection is established using the MQTT
protocol over WebSocket, enabling real-time data vi-
sualization. A PHP script retrieves the relevant topics
from the database, manages the subscription process,
and stores the received values.
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Additionally, a separate PHP script is responsible
for automatically sending email alerts once the data
have been stored. This architecture was chosen for its
ability to manage resources in a distributed manner
through independent services. In this model, the client

requests a resource over the network, and the corre-
sponding server processes the request and returns a
response based on the requested service, as illustrated
in Figure 5.

Figure 4. Alert Generation Diagram

Figure 5. System Architecture

To support real-time data handling and prevent
API saturation caused by multiple queries, a PHP
script was developed to subscribe to the MQTT bro-
ker, retrieve the data, and store it in the database. This

process activates triggers that generate additional in-
formation, which is subsequently processed by other
independent scripts to execute specific actions.

This architectural model allows multiple users to
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access system resources simultaneously without caus-
ing saturation. The various advantages of this approach
are detailed in reference [24].

Although this article primarily focuses on the de-
velopment of the software application, this section
describes the components used to build the device
responsible for acquiring three bioelectrical signals:
heart rate, oxygen saturation, and body temperature,
as illustrated in Figure 6.

Figure 6. Device components

The device is powered by a 3.7 V battery and a
switch, and it includes an XIAO ESP32C3 control
unit, a high-performance IoT development mini board
designed for low-power applications and wireless wear-
able devices.

Additionally, the MAX30100 sensor was integrated
to measure heart rate and oxygen saturation. This
sensor incorporates a discrete-time filter that rejects
50/60 Hz interference, as well as low-frequency and
ambient noise.

To measure body temperature, the MLX90614 sen-
sor was used. This sensor offers high accuracy over a
wide temperature range (-70 °C to + 380 °C), with
a resolution of 0,02 °C, a 90° field of view, and an
accuracy of up to ± 0,5 °C at ambient temperature.

Each sensor acquires its respective biomedical pa-
rameter values and publishes them to the MQTT bro-
ker. The platform communicates with the device via
this intermediary. The time required to visualize the
data depends on the device itself, as it performs inter-
nal calculations to prevent the transmission of erro-
neous values. Once the device is operational, data are
typically received within approximately one minute
and are then immediately displayed on the user inter-
face.

To support platform functionality, data modeling
was conducted using a relational database model, as
shown in Figure 7 [25]. Given the existence of two pri-
mary user roles, patients and physicians, a relational
structure was required to define their associations and
store user-specific data. The advantages of relational
databases were leveraged, particularly their ability to
link tables through primary and foreign keys.

Figure 7. Data model
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To ensure proper data modeling, normalization
principles were applied to organize information effi-
ciently and eliminate redundancies and inconsistencies.
Normalization, introduced by Edgar F. Codd, estab-
lishes a set of rules that promote the separation of
concepts and minimize anomalies caused by attribute
dependencies, thereby reducing data redundancy.

The model design incorporates the first three nor-
mal forms: First Normal Form (1NF), Second Normal
Form (2NF), and Third Normal Form (3NF). The First
Normal Form ensures that all attributes are atomic,
meaning they contain indivisible values with no dupli-
cations or internal subdivisions. The Second Normal
Form eliminates partial dependencies by requiring that
all non-key attributes depend solely on the primary
key. The Third Normal Form removes transitive de-
pendencies to further enhance data integrity.

These principles guided the construction of the
database model, allowing redundancy to be avoided
and enabling the use of relationships to implement
triggers that execute various functions.

2.2. Interface Design

The interface design for the platform was guided by
the methodology proposed by Sommerville. This ap-
proach identifies three essential activities required to
develop an effective user interface: user analysis, sys-
tem prototyping, and interface evaluation. Through
the completion of these activities, the final product is
achieved [26].

For the user analysis, the most frequently used
device types were taken into consideration. Addition-
ally, random surveys were conducted with individuals
involved in the research project and with potential
patients to understand their expectations for an infor-
mation system. Based on the insights gathered, the
interface model was designed, including the selection
of color schemes, core functionalities, login screen, and
main interface layout. Key elements such as the dis-
play of biomedical parameters, alert functionality, and
doctor–patient integration were also incorporated into
the design process.

The mockups were developed using the Justin mind
tool. This stage enabled a clear visualization of the
interface design for both the web and mobile applica-
tions, facilitating the necessary adjustments to align
with the functional requirements and meet the needs
of the primary users.

An evaluation was then conducted with members
of the TECED research group, which includes faculty,
external specialists, and students. Feedback was col-
lected and used to implement targeted improvements.
Once these modifications were completed, the final
interface design was approved.

The prototype was developed using the incremen-
tal development methodology, which structures the

project into a series of successive increments [27], as
illustrated in Figure 8.

Figure 8. Incremental Methodology

This approach consists of segmenting the overall
system functionality according to the requirements
provided by subject-matter specialists and performing
the corresponding phases of analysis, design, coding,
and testing.

2.3. Development Materials of the Software
Platform

For the development of the software platform, a com-
puter with 32 GB of RAM and 500 GB of storage
was used. The interface designs for both the mobile
application and the web version were created using the
Justin mind prototyping tool.

For front-end development, Angular and Ionic were
used due to their ability to streamline the implementa-
tion of both mobile and web applications. This choice
facilitated the integration of multiple features and re-
sponsive components, allowing the interface to adapt
effectively to various screen sizes.

According to the platform’s functional require-
ments, the relationships between physician and patient
data were considered. In the design, user roles are
queried directly from the database, which informed
the selection of a MySQL relational database. For back-
end development, PHP, the Fat-Free Framework, and
Node.js were used, along with the Visual Studio Code
text editor, since both PHP and Node.js offer high
compatibility with MySQL.

To compile and deploy the mobile application to
production, Android Studio was used. This develop-
ment environment requires a minimum of 8 GB of
RAM to operate efficiently.

For real-time data acquisition, records were col-
lected from two IoT devices [11, 12], using the MQTT
communication protocol over WebSocket. To store the
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incoming data, a service was implemented that sub-
scribes to the broker via the MQTT protocol. During
the testing phase, data were simulated using Node-
RED, alongside real data transmitted by the first de-
vice [11] and by another version of the bioelectrical
signal acquisition device [12].

3. Results and discussion

3.1. Results

During the development of the software platform, sev-
eral key aspects were addressed, including communica-
tion protocols, user analysis, interface design, system
architecture, and database modeling. Upon completion
of the development phase, the primary functions asso-
ciated with the physician profile were defined. These
include viewing the patient list, monitoring alerts gen-
erated throughout the day, recording consultation data,
and generating reports that summarize the number of
patients treated and consultations performed.

Figure 9 shows one of the main interfaces designed
for physicians, which enables graphical visualization of
stored vital sign values and allows users to consult the
most recent records. Additionally, the system provides
a summary that applies basic statistical calculations
such as the mean, median, and mode to support clinical
data analysis.

Figure 9. Main interface for the physician

Figure 10 displays the interface for the patient
profile, showing recorded vital sign values along with
additional features such as alert notifications, access
to telemedicine services, and consultation of physical
data.

Figure 10. Main interface for the patient

In addition to having a well-designed interface, it
is essential to perform stress testing to determine the
number of users or requests the system can effectively
support.

Resource usage tests for the mobile application
were conducted on a smartphone. These performance
evaluations were necessary due to the high number
of applications commonly installed on mobile devices,
which can negatively impact overall performance when
running concurrently. To carry out these tests, special-
ized tools available on the market were used to monitor
the resource consumption of installed applications [28].

The Android operating system includes built-in
features for monitoring the resource consumption of in-
stalled applications. Table 4 presents the data collected
during the application’s use, demonstrating low energy
consumption. This aspect is critical, as users typically
prefer devices with extended battery life. Therefore, it
is essential for mobile applications to be optimized for
energy efficiency [29].

Table 4. Resource usage of the mobile application

Category Item Usage

Storage

Application 104 MB
Data 4,53 MB
Cache 455 MB
Total 109 MB

RAM
Current usage 143 MB

Duration 1 minute
Total memory 4 GB

Battery

Foreground usage 8 minutes
Background usage 5 minutes
Total usage time 14 minutes

CPU 6 minutes
Wifi 6430 packets

Consumption percentage 0.60%

Stress tests of the platform was carried out using
the Locust tool to simulate real-time user traffic. The
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test began with zero users and progressively increased
in increments of 100, reaching up to 5,000 simultane-
ous users. Each virtual user generated requests and
interacted with the platform throughout the test.

Figure 11 shows the blue line representing the num-
ber of successful responses per second, which peaked
at 600. The red line indicates the number of rejected
requests per second. The error rate remained at zero
until the test reached 5,000 simultaneous users and a
total of 26,393 requests. Beyond this point, a minimal

error rate of 0.16% was recorded, corresponding to
requests rejected by the server.

Figure 12 shows the progressive increase in the
number of users, starting from zero and rising in incre-
ments of 100. The platform demonstrated optimal per-
formance, supporting up to 1,700 simultaneous users
without generating errors. When the load reached 5,000
users, a minimal percentage of rejected requests was
observed, indicating strong overall system performance
even under high-demand conditions.

Figure 11. Stress test showing total responses per second

Figure 12. Stress test showing the total number of users

3.2. Discussion

Several studies have focused on the development and
implementation of platforms for monitoring physical
parameters [30] and biomedical parameters [31]. How-
ever, in platforms designed for biomedical monitoring,
the doctor–patient relationship is often overlooked.
Alerts are typically sent only to the user’s device and
their designated companion, without direct notification
to the attending physician. This omission is significant,
as certain data may require specialized medical inter-
pretation.

In [31], data transmission is conducted via Blue-
tooth, limiting the system’s functionality to short-
range proximity, as the user must remain near the
device to receive information. In contrast, the plat-
form developed in this study transmits data not only
to the user and a designated family member but also
directly to the attending physician through email and
integrated notifications within the information plat-
form. To overcome the range limitations inherent to
Bluetooth communication, the system employs a Wi-Fi
connection in combination with the MQTT protocol,
enabling real-time transmission and remote visualiza-
tion of vital signs over the internet.

In [30], a backend service for IoT was developed
using Microsoft Azure, with a focus on managing data
transmitted by an IoT device. However, the scope of
that work was limited to backend implementation; no
web or mobile applications were developed to support
data customization or user interaction, and the API’s
functionality was validated exclusively using Postman.
To overcome these limitations, the platform proposed
in this study incorporates not only a database and
API but also a comprehensive information system that
supports real-time visualization of data acquired from
the IoT device, which captures three bioelectrical sig-
nals as well as efficient and scalable management of
that information.

Numerous studies related to the monitoring of
biomedical parameters have been identified; however,
most of them primarily focus on the design and imple-
mentation of the IoT device, without addressing the
development of the accompanying information plat-
form [?, 32–38]. During the literature review, commer-
cial devices such as smartwatches and the Galaxy Ring
smart ring were also considered, both of which are sup-
ported by proprietary applications.

Table 5 presents a comparison of the functionalities
offered by existing applications associated with com-
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mercial devices such as smartwatches and the Galaxy
Ring, in relation to the platform proposed in this study.
It is important to note that these commercially avail-

able devices use the collected data solely for informa-
tional purposes and are not intended for the detection,
diagnosis, or treatment of medical conditions.

Table 5. Comparison of the Proposed Information Platform with Similar Systems

Feature Smart Wristband 3 Samsung Health Proposed Platform
Web application available for physicians - - ✓

Sends vital sign data to - - ✓physicians or specialists
Records user’s weight - ✓ ✓

Displays heart rate data ✓ ✓ ✓
Displays oxygen saturation data ✓ ✓ ✓
Displays body temperature data ✓ ✓ ✓

The applications linked to these commercial devices
are not designed to integrate with medical platforms
or transmit data directly to a physician. In contrast,
the proposed information platform allows users to
designate a healthcare professional who can access in-
formation related to their vital signs, generated alerts,
and medical history.

Additionally, according to [39], 70% of the evalu-
ated systems exhibit response times between 1.0 and
2.0 seconds. The performance of the proposed platform
slightly exceeds this range. However, as Echeverría
observes, user-perceived latency tends to increase as
system response times lengthen. Therefore, while there
is room for performance optimization, the platform
still offers a competitive user experience in terms of
response speed.

Regarding energy consumption, the mobile appli-
cation recorded a usage rate of 0.6% over a 14-minute
period, aligning with the growing concern about the
environmental impact of mobile software. Recent stud-
ies [40,41] emphasize the importance of evaluating the
energy consumption of applications on mobile devices.

Although mobile device manufacturers continue
to improve energy efficiency through hardware and
software innovations, it is equally critical for appli-
cation developers to address power consumption in
their designs. While the energy usage of an individual
application may seem negligible, its cumulative impact
across millions of devices underscores the importance
of optimizing efficiency. Future research could focus
on strategies such as interface simplification and code
optimization to promote more sustainable software
development.

The software platform presented in this study rep-
resents its initial version and forms part of the multi-
disciplinary research project titled “Research on IoT
Applications in the Acquisition of Bioelectric Signals”
(CUP: 91870000.0000.389571), led by the Technology,
Science, and Education (TECED) research group from
the Faculty of Systems and Telecommunications.

4. Conclusions

This study presents the development of a scalable
software platform that integrates HTTP and MQTT
communication protocols for real-time monitoring of
biomedical parameters. The system supports compre-
hensive user management, including both medical pro-
fessionals and patients, to facilitate continuous remote
health supervision.

The platform enables the acquisition and visual-
ization of key biomedical indicators, including heart
rate, oxygen saturation, and body temperature. It
also supports alert generation, facilitates secure com-
munication between users, and allows physicians to
maintain detailed oversight of patients’ health status.
Designed for scalability, the platform supports the fu-
ture integration of additional biomedical parameters
and the management of high request volumes without
compromising performance. Simulation tests confirmed
this capability, with an average response time of 930
milliseconds and 95% of responses delivered in under
2.3 seconds.

During load testing, the system successfully pro-
cessed up to 22,132 requests at the communication
endpoint, reaching a rate of 440.4 requests per second
without errors. When the number of concurrent users
increased to 5,000 and the system handled 26,393 re-
quests, a minimal error rate of 0.16% was recorded,
which is considered acceptable given the high concur-
rency. The platform was confirmed to operate without
errors with up to 1,700 simultaneous users.

Compared to previous studies, such as that of
González, which indicates that 25% of users abandon
applications with load times exceeding 3 seconds [29],
the developed platform demonstrated response times
well within acceptable thresholds, ensuring a seamless
user experience. Similarly, the recorded mobile resource
usage data were appropriate, considering the broad
range of functionalities provided by the application.

These findings confirm that the proposed system
effectively manages high request volumes without com-
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promising stability, positioning it as a reliable tool for
the remote monitoring of biomedical parameters.
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Abstract Resumen
All continents are currently undergoing energy tran-
sitions toward low-carbon economies driven by re-
newable technologies. Africa is no exception; with
its rapidly growing population and expanding econ-
omy, it represents nearly one-fifth of the global demo-
graphic. Although the African continent contributes
less than 3% of global carbon emissions, it is already
experiencing severe and disproportionate impacts
from climate change. This manuscript aims to an-
alyze the hydropower development in Ethiopia, Tan-
zania, Zambia, and Zimbabwe, with the objective of
assessing the current use and projected role of this
renewable resource. These countries were selected
for their significant hydroelectric potential and on-
going investment in renewable energy infrastructure.
While these nations have made substantial commit-
ments to hydropower, climate-induced shifts in hy-
drological patterns, particularly increased drought
risk, pose serious challenges to energy security and
sustainability. Consequently, electric utilities must
not only project future energy generation but also
implement robust mitigation and adaptation strate-
gies to safeguard long-term investments. Given the
critical role of climate change as an external variable
influencing energy planning, it is essential to evalu-
ate hydropower and reservoir operations through a
multidimensional lens encompassing parameters such
as temperature, precipitation, humidity, river flow,
watershed characteristics, and related factors.

Todos los continentes están atravesando actualmente
transiciones energéticas hacia una economía baja en
carbono desde las renovables. Uno de estos conti-
nentes es África, donde la población y el crecimiento
económico impulsan una quinta parte del mundo. Si
bien el continente africano tiene la menor respons-
abilidad por el calentamiento global, con menos del
3% de las emisiones, ya enfrenta severos impactos
del cambio climático. Por lo tanto, este manuscrito
tiene como objetivo analizar el desarrollo de hidroeléc-
trico en Etiopía, Tanzania, Zambia y Zimbabwe para
conocer el uso de esta renovable y sus proyecciones.
Estos países fueron seleccionados de acuerdo con in-
formación que tienen una amplia proyección hidroeléc-
trica. En estos países se ha invertido una cantidad
valiosa en hidroelectricidad, pero, el impacto del cam-
bio climático aumenta el riesgo de sequías, lo que
preocupa debido a una variación en los patrones. Las
compañías eléctricas no solo necesitan pronosticar
la generación futura de energía, sino que también
tomar medidas de mitigación y adaptación para man-
tener sus inversiones. Además, el cambio climático
es un parámetro externo que juega un papel impor-
tante al proporcionar datos de referencia para futuros
proyectos, siendo necesario evaluar las operaciones de
energía hidroeléctrica y embalses bajo un conjunto
de parámetros (temperatura, precipitación, humedad,
caudal de ríos, cuencas y otros).

Keywords: Africa; energy; hydroelectric; projections;
sustainable.

Palabras clave: África; energía; hidroeléctrica;
proyecciones; sostenible.
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1. Introduction

Globally, renewable-based electric power systems have
played an increasingly critical role in improving energy
access, particularly in rural and remote regions where
electricity availability remains limited. According to
the Global Status Report of Renewables, global invest-
ment in renewable energy capacity increased by 2%
in 2020, demonstrating resilience amid the economic
disruptions caused by the COVID-19 pandemic. Dis-
tributed renewable energy systems have continued to
expand access, contributing up to 10% of electricity
generation in some countries [1].

In 2020, global investment in renewable power and
fuels, excluding hydropower projects larger than 50
MW, totaled USD 303.5 billion. For the sixth con-
secutive year, developing and emerging economies
surpassed developed countries in renewable energy
capacity investment, reaching a combined total of
USD 153.4 billion. That same year, funding in de-
veloped economies increased by 13%, while investment
in emerging markets declined by 7%, reflecting broader
trends in global renewable energy financing, excluding
large-scale hydropower projects [2, 3].

Focusing specifically on hydropower, which remains
the leading source among renewable technologies, the
International Hydropower Association (IHA) reported
that global hydropower generation reached an esti-
mated 4,252 TWh in 2021, following a 1.9% increase
in 2020. Despite the disruptive effects of the pandemic-
induced recession, which impacted many of the world’s
major hydropower technology providers, the global
hydropower market continued to grow. Notably, China
accounted for more than half of all new capacity ad-
ditions in 2021, contributing an increase of 20,840
MW [4].

However, renewable energy use is increasing across
all economic sectors, reflecting a growing reliance on
electricity to meet societal and industrial demands.
According to the REN21 Group, much of the recent
progress in expanding the share of renewables in global
electricity production has resulted in renewables con-
tributing nearly one-third (30%) of total electricity
generation in 2022 [5], as shown in Figure 1.

Figure 1 illustrates that hydropower remains a lead-
ing source among renewable energy technologies, and
that the industry is expected to face both challenges
and opportunities in the years to come. These chal-
lenges include operational and technical constraints,
environmental and social acceptance issues, declining
global wholesale electricity prices, and adverse climate
impacts, all of which directly affect hydropower gener-
ation [5, 6].

Investing in hydropower development offers sub-
stantial economic benefits by accelerating growth and
contributing to the reduction of greenhouse gas emis-
sions. Hydropower plays a critical role in advancing

clean energy technologies within national economies,
which is why this paper examines the current status
and future potential of hydropower in selected African
countries [7].

Figure 1. Global energy grid composition [8], p. 1

Currently, approximately 40% of the population in
Africa lacks access to electricity, with the majority of
those affected living in sub-Saharan Africa. Countries
such as Ghana, Kenya, and Rwanda are on track to
achieve universal electricity access by 2030, serving as
examples for others to follow. Africa also has the lowest
per capita consumption of modern energy in the world,
particularly from renewable sources. As population
and income levels continue to rise, demand for modern
energy is expected to increase by one-third between
2020 and 2030, according to the Sustainable Africa
Scenario. In parallel, several African countries have
committed to reducing emissions by approximately 550
Mt.CO2 by 2030, equivalent to 40% of the continent’s
current emissions [9, 10].

In Africa, hydropower currently accounts for ap-
proximately 17% of total electricity generation. In
some countries, including the Democratic Republic of
Congo, Ethiopia, Malawi, Mozambique, Uganda, and
Zambia, hydropower supplies as much as 80% of to-
tal energy consumption [11]. According to the World
Bank, Africa’s installed hydropower capacity is ex-
pected to reach approximately 40 gigawatts (GW) by
2030 [12]. However, nearly 25% of existing plants are
not operational due to inadequate maintenance and
poor infrastructure. Additionally, the International
Hydropower Association (IHA) estimates that the con-
tinent has a development pipeline of 117 GW and a
remaining hydropower potential of 478 GW [13].

According to data from organizations involved in
collecting information on renewable energy, particu-
larly hydroelectricity, this energy source is generally
perceived positively due to its reliance on non-depleting
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natural resources. However, hydropower also entails
environmental and social impacts that must be care-
fully considered. This manuscript aims to analyze hy-
dropower development in Ethiopia, Tanzania, Zambia,
and Zimbabwe (Figure 2), focusing on its current use
and future projections through a comprehensive re-
view of relevant documents and energy sector policies.
These countries were selected based on the available
data indicating their significant hydroelectric poten-
tial. Additionally, multiple investigative sources were
consulted to support and consolidate the information
presented in this review.

Figure 2. Countries selected for this study [14]

2. Materials and Methods

To analyze hydropower development in Ethiopia, Tan-
zania, Zambia, and Zimbabwe, the methodology be-
gins with a comprehensive review of literature and
documents, guided by an investigative approach. This
first step involves collecting relevant sources, includ-
ing scientific studies, government reports, and energy
and environmental policy documents specific to the
selected countries. The review focuses on studies that
address both hydropower development and climate
change impacts in the region, with an emphasis on
recent publications, preferably from the past five years,
to ensure relevance and timeliness. Priority is given to
reliable sources, including academic databases, reports
from international organizations, and official govern-
ment documents.

The second step of the methodology involves a de-
tailed analysis of each country’s energy policies and reg-
ulatory frameworks. This analysis aims to assess how
national policies support hydropower development by

identifying key environmental regulations, government
incentives, and climate change adaptation strategies.
A comparative analysis is then conducted to examine
similarities and differences in how climate considera-
tions are integrated into national energy policies, which
is essential for understanding the broader context in
which hydropower projects are being developed.

The third step involves assessing major hydropower
projects in the selected countries. This analysis in-
cludes the collection of data on each project’s installed
capacity, technological configuration, annual energy
production, and future generation projections. Ad-
ditionally, the efficiency and sustainability of these
projects are evaluated, considering their vulnerability
to climate variability, including droughts and shifts
in precipitation patterns, which are becoming increas-
ingly frequent due to climate change.

The fourth step of the methodology involves a
comparative case study of the four selected countries,
presented in the discussion section. This approach facil-
itates the assessment of each country’s challenges and
achievements in developing hydropower under chang-
ing climate conditions. Both qualitative and quantita-
tive methods are employed to analyze national expe-
riences, with a particular focus on best practices and
lessons learned.

Overall, this article outlines the methodology used
to select and analyze scientific documents, providing a
detailed account of the keywords applied: “African hy-
dropower development,” “Hydropower development in
Ethiopia, Tanzania, Zambia, and Zimbabwe,” and “En-
ergy matrix in Ethiopia, Tanzania, Zambia, and Zim-
babwe.” It also specifies the search strings employed,
the specific databases and digital libraries consulted,
including SCOPUS, Web of Science, and other sources
relevant to hydropower research, as well as the time
frame of the literature review, which spans from 2017
to 2024.

Finally, the results will be discussed, as valida-
tion is essential to ensure the reliability and relevance
of the study’s conclusions. The combination of these
methodological steps provides a comprehensive and
rigorous basis for analyzing the current state and fu-
ture prospects of hydropower in these African coun-
tries, within the broader context of accelerating climate
change.

3. Results and discussion

According to data from British Petroleum, hydropower
generation by continent in 2021 shows that Asia pro-
duced the largest share, generating 2,176 TWh. This
upward trend has continued since 2003. In comparison,
the Americas generated 1,239 TWh, Europe produced
659 TWh, and Africa generated only 146 TWh, in-
dicating significantly lower output. When comparing
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Africa’s generation to that of Asia [15], the continent
accounted for just 7% of Asia’s hydropower production,
confirming Africa as the region with the lowest level
of hydropower development in 2021 [16]. As shown in
Figure 3, global hydropower development in 2021 is
represented by total installed capacity across regions.

Figure 3. Global hydropower installed capacity by conti-
nent in 2021

As shown in Figure 3, hydropower installed capac-
ity in 2021 varied significantly across continents, with
Asia leading with 655 MW, followed by the Ameri-
cas with 382 MW, Europe with 254 MW, and Africa
with only 38 MW. These figures reveal substantial
disparities in hydropower development, particularly
in regions with limited energy infrastructure. Africa
presents considerable opportunities for expanding this
key renewable energy source [15], [17]. Additionally,
the study includes a figure that displays the top 18
African countries by hydropower installed capacity,
including pumped storage, as well as the countries
selected for this review.

As shown in Figures 3 and 4, hydropower develop-
ment varies significantly across continents and among
African countries. Based on these disparities, this study
focuses on Ethiopia, Tanzania, Zambia, and Zimbabwe,
selected for their considerable hydroelectric develop-
ment potential and projected growth. To support this
analysis, several investigative sources were reviewed to
consolidate relevant information and assess the current
state and projected use of hydropower in the selected
countries.

Figure 4. Hydropower installed capacity in Africa [4]

Ethiopia

Ethiopia is a developing country endowed with abun-
dant water resources. Consequently, its hydropower
production capacity increased from 850 MW in 2010
to 4,100 MW in 2021. The government is currently
undertaking several major hydropower projects aimed
at positioning Ethiopia as a key power hub in East
Africa. Notable among these projects are the Gibe
III Hydropower Plant, constructed on the Omo-Gibe
River with a capacity of 1,870 MW, and the Grand
Ethiopian Renaissance Dam, built on the Abay River
with a capacity of 6,000 MW [18,19].

Hydropower development has been prioritized as
a key driver of economic growth in Ethiopia. How-
ever, to ensure the optimal efficiency of both existing
and planned reservoirs, it is essential to assess the
potential impacts of hydropower expansion. Ongoing
changes in temperature, precipitation, and streamflow
patterns increasingly affect hydropower schemes, in-
fluencing dam and reservoir design horizons as well
as the operational life cycles of these facilities [20, 21].
Additionally, reservoir operating rules are widely ap-
plied to guide the effective management of hydropower
systems [22]. Accordingly, several relevant studies have
been conducted and are referenced in this review.

Tewodros Mekonnen (2022) analyzed hydropower
development in Ethiopia and concluded that the coun-
try is already experiencing the adverse effects of cli-
mate change-induced droughts, which are negatively
impacting its hydroelectric resources. To mitigate these
effects, a 30% increase in total installed capacity would
be required to compensate for an anticipated 50% re-
duction in hydro plant output due to drought. Accord-
ing to projections, by 2065, Ethiopia’s electricity supply
will comprise 9% from hydropower, 13% from nuclear
energy, 3.4% from heavy fuel oil, 7% from geothermal,
6% from wind, and 5% from biomass. Despite the grow-
ing diversification of the energy mix, hydropower is
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expected to remain the dominant source of electricity
generation until 2057, accounting for 25.2% of total
output [23].

A prospective analysis of the power–water nexus
indicates that the rapid construction of large-scale
hydroelectric dams imposes environmental costs on
downstream communities by altering natural water
flow patterns. Simulation scenarios from the analysis
reveal that, among Ethiopia’s hydropower development
pathways, two distinct modeling approaches are re-
quired to achieve projected outputs of 71 and 87 TWh
per year by 2050 under a climate change mitigation
scenario. These findings underscore the need to signifi-
cantly increase installed capacity in Ethiopia to make
a meaningful contribution to global efforts aimed at
achieving the 2°C target of the Paris Agreement [24].
For comparison, Ethiopia’s hydropower production
stood at approximately 21 TWh per year in 2022 [4].

Kinfe Mirani (2022) evaluated the hydropower po-
tential at the Kesem Reservoir, which spans an area
of 2,974 km2. The study applied Representative Con-
centration Pathways (RCPs), specifically RCP4.5 and
RCP8.5, to assess projected climate impacts over short-
and long-term periods. Under RCP4.5, the maximum
estimated energy production is 376.2 MWh in the short
term and 370.5 MWh in the long term. Under RCP8.5,
the corresponding values are 368.6 MWh and 363.5
MWh, respectively. It is important to note that the
original baseline for hydropower generation was pro-
jected at 380 MWh [25]. Additional research supports
these findings, showing that climate variability across
200 locations in Ethiopia’s Nile sub-basin could result
in precipitation changes ranging from - 14% to + 27%
by 2050. These findings underscore the significant vul-
nerability of large-scale hydropower infrastructure to
unpredictable climatic events, including both tangible
and intangible construction-related costs [26].

Ethiopia’s transmission network is undergoing sig-
nificant expansion and modernization to support the
country’s ambitious electrification goals. The govern-
ment now aims to achieve universal electricity access
by 2030, revising its earlier target of 2025, with plans
to connect 96% of the population to the national grid
by that year. Transmission infrastructure is being rein-
forced through the construction of new substations, the
upgrading of transmission lines, and the modernization
of grid systems to accommodate increased loads and
integrate variable renewable energy sources [27,28].

Ethiopia possesses substantial hydroelectric poten-
tial, with a significant surplus available for export.
However, the majority of the population resides in re-
mote areas with limited access to electricity. Currently,
the country generates approximately 4 GW of elec-
tricity from 11 large and 7 small hydroelectric plants.
To achieve universal electricity access, national energy
policy should prioritize small-scale hydropower, which
may offer a more practical and decentralized solution

to meet rural energy needs while promoting economic
development in these communities [29].

However, Ethiopia’s expansion of large-scale hy-
droelectric projects has raised concerns among neigh-
boring countries, particularly those dependent on the
Nile River. For instance, Egypt has strongly opposed
these developments, citing potential disruptions to its
historical water rights.

Tanzania

Tanzania, located in East Africa, is known for its
cultural diversity, national parks, and rich historical
heritage. One of the country’s key strengths lies in
its abundance of renewable energy resources. Conse-
quently, Tanzania has successfully harnessed various
sources, including biomass, hydropower, geothermal,
solar, and wind energy. According to the 2021 Energy
Resource Guide, the country’s total installed electricity
generation capacity was 1,602 MW. Of this total, 244
MW were added over the previous four years, with
capacity distributed as follows: hydropower – 568 MW,
thermal – 951.6 MW, and other renewable sources –
82.4 MW [30].

Tanzania’s electricity generation is primarily
sourced from natural gas (48%), hydropower (31%),
oil (18%), solar energy (1%), and biofuels (1%). This
energy mix has contributed to improved electricity
access, reaching 36.4% of the urban population and
11% of the rural population [31]. However, the coun-
try’s continued reliance on hydropower, combined with
frequent droughts, often results in power outages. In
addition, Tanzania’s average per capita electricity con-
sumption remains low at 108 kWh per year, compared
to the global average of 2,500 kWh per year [30].

According to Baraka Kichonge (2018), Tanzania
is among the fastest-growing economies in Africa. To
meet its rapidly increasing energy demands, the coun-
try requires affordable, clean, and, most importantly,
sustainable electricity. Although thermal generation
continues to dominate global electricity production,
Tanzania has substantial hydropower potential, esti-
mated at 38,000 MW. Nevertheless, as of 2021, only
a small portion of this potential had been developed,
with an installed capacity of just 562 MW [4], [32].

Research indicates that in Tanzania, the construc-
tion of hydroelectric plants and reservoirs has effects
that extend well beyond direct environmental impacts.
These developments often require the resettlement of
communities and the displacement of wildlife, under-
scoring the competition for water resources between
local populations and hydropower operators. Further-
more, the expansion of infrastructure associated with
such projects is frequently linked to increased defor-
estation [33].

On the other hand, Tanzania’s untapped hydro-
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electric potential, supported by feasibility studies esti-
mating approximately 4,765 MW for development in
the short to medium term, should be evaluated within
the broader context of an integrated energy grid incor-
porating various renewable sources. However, frequent
climatic challenges can negatively impact large- and
medium-scale hydropower projects. The research high-
lights the important role that small-scale hydroelectric
plants can play in both electricity generation and en-
vironmental conservation [32].

Reuben Kadigi (2008), in a study of the Great
Ruaha River in Tanzania, assessed the value of water
in irrigated paddy fields and hydropower generation
using a residual imputation model. The estimated pro-
ductivity of water (PW) in irrigated paddy ranged
from 0.126 to 0.265 kg/m3 while in hydropower gen-
eration it ranged from 0.45 to 1.68 kWh/m3. These
results underscore the importance of evaluating wa-
ter’s value across alternative uses to guide effective
resource management and allocation [34]. Matthew
England (2019) further emphasizes the need to inte-
grate water use decisions across sectors, particularly
in agriculture-based economies. In such contexts, re-
source reallocation can result in substantial transfers
from agriculture to sectors with higher economic re-
turns, such as hydropower and industrial production,
potentially maximizing pro-poor outcomes [34,35].

Tanzania is actively expanding its energy grid and
transmission network to meet growing demand, with
a focus on integrating renewable energy sources and
enhancing regional interconnections. However, current
conditions vary considerably across the country due
to regional economic disparities, which affect the pace
and effectiveness of infrastructure development [36,37].

Given its geographical position and substantial hy-
droelectric potential, Tanzania is well-positioned to
leverage clean, domestic energy resources. These assets
can play a significant role in advancing national de-
velopment goals and mitigating the effects of climate
change. Nonetheless, to ensure sustainable progress, it
is essential that hydropower initiatives provide mean-
ingful and equitable benefits to both local communities
and the environment, thereby supporting long-term
growth in sustainable electricity generation.

Zambia

In 2020, Zambia’s total installed energy capacity
reached 2,800 MW, with hydropower accounting for
2,380 MW, or 85% of the total. In 2019, hydropower
generation totaled 13,678 GWh [38]. Hydropower is a
key component of Zambia’s energy system due to its
clean, renewable nature and its effectiveness in regu-
lating power frequency. Zambia, a landlocked country
in Southern Africa, borders eight neighboring nations.
Its location near the equator gives it a tropical climate,

with annual rainfall ranging from approximately 600
mm in the south to 1,400 mm in the north. Decem-
ber and January are typically the wettest months. In
recent years, the country has increasingly faced ex-
treme weather events, including recurrent droughts
and floods [11], [39].

Nevertheless, research by Frank Mudenda (2022)
indicates that fluctuating climate cycles are having in-
creasingly adverse effects on Zambia’s rivers, streams,
and infrastructure. In recent years, the country has
faced a growing electricity deficit caused by persistent
power shortages. As of 2019, more than 1.9 million
households (57.6%) remained without access to elec-
tricity, and over 96% of the rural population was still
unelectrified. These figures underscore the critical need
to address energy access and pursue sustainable elec-
trification strategies [40].

Damaseck Chirwa (2023) observes that as Zambia’s
population grows, so does the demand for energy ser-
vices, particularly electricity. This demand is expected
to increase significantly, with the population projected
to reach 26.9 million by 2035. Statistically, energy con-
sumption is rising at an estimated rate of 6% per year,
driven by demographic and socioeconomic factors [41].
As of 2020, the country’s energy generation mix in-
cluded coal (10.96%), heavy fuel oil (3.65%), diesel
(2.78%), and solar (2.96%) [41,42].

Scott Winton (2021) analyzed the Zambezi River
Basin in Southern Africa, a region undergoing rapid
development and population growth. Agricultural in-
tensification, urban expansion, and the planned devel-
opment of additional hydropower dams are likely to
degrade the quality of surface water. However, there
have been limited comprehensive assessments iden-
tifying where, how, and why specific water quality
parameters are being affected, especially using in situ
data across large regions. To address this gap, Win-
ton conducted four field campaigns in 2018 and 2019,
sampling a wide range of biogeochemical water qual-
ity parameters at 14 sites across central and southern
Zambia. The findings indicate that while the major
rivers, Zambezi and Kafue, exhibit low solute concen-
trations and are generally clean, they are impacted
by thermal alterations, hypoxia, and the depletion of
suspended sediments downstream of dams. Zambia
currently hosts several large hydropower projects on
these rivers, with a combined potential capacity ex-
ceeding 2,800 GWp, and additional feasibility studies
are underway. Although such infrastructure is essential
to strengthening the national energy grid and promot-
ing clean energy development, it is recommended that
these projects adhere to sustainable development cri-
teria to minimize environmental impacts [43,44].

Zambia’s electricity grid depends largely on hy-
dropower. The country is actively expanding and mod-
ernizing its transmission infrastructure to minimize
energy losses and enhance reliability, often in coordina-
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tion with regional power pools. Reports indicate that
Zambia has achieved a low transmission loss rate of
just 4%, and its national grid now covers nearly the
entire country [45,46].

At the same time, the country faces growing risks
of water quality degradation due to increasing agri-
cultural intensification, urbanization, and continued
hydropower development. To address these challenges,
it is essential for the Zambian government to invest in
sustainable infrastructure and environmental manage-
ment practices. These include wastewater treatment
systems, ecologically sound dam operations, and the
protection of watershed areas to preserve water quality
and ecosystem health.

Zimbabwe

Zimbabwe has made notable progress in developing its
energy infrastructure; however, this progress has not
kept pace with the country’s economic growth. As a
result, Zimbabwe continues to face an energy shortfall,
with an estimated national demand of 2,200 MW that
it has yet to meet [47,48].

Given the favorable climate conditions and the
abundance of water bodies, Zimbabwe possesses sub-
stantial potential for hydropower development. How-
ever, this potential remains largely untapped due to the
high capital investment required and a transmission
grid that does not adequately reach viable generation
sites. Furthermore, aging infrastructure and frequent
power outages further limit access to renewable energy.
Ongoing efforts to rehabilitate and expand the trans-
mission network aim to improve both energy access
and reliability [49].

According to the Zimbabwe Power Company, most
of the country’s electricity is generated by coal-fired
thermal plants and hydroelectric projects, which are
owned either directly or indirectly by Zimbabwe Elec-
tricity Supply Authority (ZESA) Holdings. However,
due to constrained domestic supply, caused by eco-
nomic challenges and insufficient investment in key
infrastructure, Zimbabwe continues to import electric-
ity from South Africa, Namibia, and Mozambique [50].

In Zimbabwe, forests are essential for both absorb-
ing greenhouse gases and supplying energy, particularly
in rural areas where 94% of the population depends on
wood fuel. As a result, reconciling climate change miti-
gation with the goals of energy security and expanded
electricity access presents a complex and pressing chal-
lenge that requires careful analysis [47].

Anesu Maronga (2021) examined the effects of
drought on Zimbabwe’s electricity supply, focusing on
the Hwange hydropower station. The drought reduced
the reliability of electricity generation, resulting in
load-shedding that negatively impacted mining oper-
ations reliant on a constant power supply. The study

evaluated the technical and economic viability of de-
ploying concentrated solar power with thermal storage,
as well as photovoltaic systems with battery storage, at
a mining site in Zimbabwe. The findings concluded that
integrating battery storage with a photovoltaic system
significantly increases the proportion of the electrical
load met by the renewable energy system [51].

Ekandjo (2018), in a study conducted along the
Zambezi River within the renowned Mana Pools Na-
tional Park, observed significant ecological and mor-
phological changes over the past decade due to the con-
struction of upstream hydroelectric dams. The study
found that reservoir operations reduced average peak
flows by 17% and increased average low flows by 5% in
the Mana Pools area [52]. This analysis focused on Zam-
bia and Zimbabwe, two Southern African countries that
share the Zambezi River. In 2021, Zambia reported
2,703 MW of installed hydropower capacity, while Zim-
babwe had 1,081 MW [4]. The study also confirmed
that dams in and around both countries present various
vulnerabilities. To mitigate ecological disruption, the
study recommends aligning hydroelectric operations
with wildlife management practices, particularly dur-
ing flood control releases. Sudden gate openings were
found to significantly disturb ecosystems, threatening
both terrestrial and aquatic species [52].

Randall Spalding-Fecher (2016), in a study on the
Zambezi River, highlights that water flow patterns
are likely to shift in the future due to the significant
impacts of climate change. These changes have serious
implications for hydropower potential, as the financial
viability and repayment of loans for related projects
will depend on the stability of hydropower generation
and revenue from energy sales. For example, the Kariba
Hydropower Plant, shared by Zambia and Zimbabwe,
is projected to be highly vulnerable to dry climate sce-
narios, with average electricity generation potentially
decreasing by 12% between 2050 and 2070 [53].

In Zimbabwe, efforts to expand hydropower
through renewable systems face additional challenges.
The COVID-19 pandemic has led to higher infrastruc-
ture costs and increased land requirements, nearly
doubling initial estimates. As a result, while the coun-
try gradually invests in new renewable energy projects,
it is essential to keep all existing hydroelectric plants
fully operational.

3.1. Discussion

Across the globe, continents are transitioning toward
low-carbon economies centered on renewable energy
technologies. In Africa, rapid population growth and
economic development are driving a substantial in-
crease in electricity demand. Consequently, the co-
ordinated development of renewable energy offers a
strategic opportunity for the continent to meet its
growing energy needs while preserving environmental
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sustainability [54].
Although the African continent contributes the

least to global warming, it is already facing some of
the most severe impacts of climate change. Africa is
home to nearly one-fifth of the world’s population,
yet it is responsible for less than 3% of global energy-
related carbon dioxide emissions, with the lowest per
capita emissions of any continent [9].

Although the adverse effects of climate change are
being felt across Africa, countries such as Ethiopia,
Tanzania, Zambia, and Zimbabwe are experiencing
these impacts disproportionately. These include water
stress, reduced food production, more frequent extreme
weather events, and fluctuating economic growth. De-
spite these challenges, it is evident that these nations
must continue pursuing economic and social develop-
ment while contributing to the global clean energy
transition [55,56]. Hydropower is widely regarded as
a clean, renewable energy source that offers benefits
such as water supply, flood control, economic growth,
and recreation [57]. However, the relationship between
hydropower and external environmental factors is char-
acterized by constant and often unpredictable fluctua-
tions [58].

Comparing the findings from Ethiopia, Tanzania,
Zambia, and Zimbabwe with broader global projec-
tions, Hamududu (2012) analyzed data from 12 global
circulation models and found that significant changes
in runoff are expected globally. For instance, large in-
creases are projected in Quebec, Canada, while notable
decreases are anticipated in Turkey and Venezuela,
regions that previously exhibited high runoff levels.
These changes are likely to have a direct impact on
hydropower generation due to shifting hydrological
patterns. The models further suggest that by 2050, hy-
dropower production could decline by approximately
0.48% in Southern Africa, 0.83% in Northern Africa,
1.43% in Western Asia, and about 2% in Europe [59].

In comparison with other countries, a study in India
projects a significant temperature increase of 6,25 ±
1,62 °C, which is expected to reduce river flows and neg-
atively affect hydropower production during May and
June, particularly at the Nathpa Jhakri and Bhakra
Nangal plants, both located in snow-dominated re-
gions [60]. In North America, reductions in hydropower
output are also anticipated, driven primarily by hydro-
logical changes rather than economic factors such as
recessions. This is because hydropower systems gen-
erally operate continuously when sufficient water is
available; however, increasing climate variability is
affecting streamflow reliability [61].

Nevertheless, Africa holds the largest untapped
hydropower potential in the world. According to a
report published in June 2022 by the International
Hydropower Association, this potential is estimated
at 474 gigawatts (GW), compared to 73 GW in Eu-
rope, 275 GW in South America, 387 GW in North

and Central America, 359 GW in East Asia and the
Pacific, and 355 GW in South and Central Asia. While
Africa’s hydropower potential exceeds the continent’s
current and medium-term energy demand, the cost of
electricity generated from hydropower remains among
the lowest of all renewable sources globally [62, 63].
Therefore, it is recommended that Ethiopia, Tanzania,
Zambia, and Zimbabwe coordinate the development of
feasible hydropower resources and consider the find-
ings of various studies, particularly those addressing
the current and projected impacts of climate change.

According to the International Renewable Energy
Agency, an additional 850 GW of hydropower capacity
must be developed by 2050 to meet the climate goals
outlined in the Paris Agreement. In 2020, 53 African
countries submitted nationally determined contribu-
tions (NDCs) to the United Nations Framework Con-
vention on Climate Change, collectively committing
to mitigate 550 million tonnes of CO2 by 2030. This
target represents approximately 40% of the continent’s
current carbon dioxide emissions [9].

Moreover, the Africa Energy Outlook projects that
by 2030, renewable sources, including solar, wind, hy-
dropower, and geothermal, will account for over 80%
of new power generation capacity. However, a key
issue that warrants attention is the development of
non-conventional renewables, particularly solar and
geothermal energy. Although Africa holds 60% of the
world’s highest-quality solar resources, it accounts for
just 1% of installed solar photovoltaic capacity. Solar
energy, already the most cost-effective power source
in many regions of Africa, must outcompete all other
energy sources across the continent by 2030 to ensure
sustainable development [64,65].

Derrick Danso (2021) notes that hydroelectric
power plants with large reservoirs are often used to
support the integration of significant amounts of re-
newable energy, despite the inherent variability and
intermittency of these sources. An evaluation of large
hydropower reservoirs in West Africa indicates that
when electricity demand increases by less than 25%,
the combined contribution of solar and wind energy
to total generation remains below 20%. This suggests
that rising electricity demand can lead to instability
in energy networks, particularly when they rely on
a complex mix of renewables, fossil fuels, and other
sources [66].

The energy transmission network in each country
plays a fundamental role in enabling the efficient de-
livery of electricity from generation sources, including
renewables, to demand centers, thereby ensuring a
reliable power supply. For Ethiopia, Tanzania, Zam-
bia, and Zimbabwe, a robust and modern transmission
infrastructure is especially important to support eco-
nomic growth, facilitate the integration of renewable
energy, and achieve national development and electri-
fication targets. Inadequate transmission systems can
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lead to bottlenecks, increased energy losses, and lim-
ited access expansion, ultimately hindering progress
toward each country’s development goals [67,68].

This review highlights hydropower as a promising
energy source with significant development potential
across Africa. The analysis, which focuses on Ethiopia,
Tanzania, Zambia, and Zimbabwe, underscores the
need for broader integration of sustainability criteria.
However, by covering only four of Africa’s 56 nations,
the review offers a limited perspective on the conti-
nent’s overall hydropower landscape.

4. Conclusions

In Ethiopia, Tanzania, Zambia, and Zimbabwe, where
hydropower has received substantial investment, cli-
mate change poses a significant challenge due to in-
creasingly variable hydrological patterns. Power util-
ities in these countries must not only project future
energy outputs but also implement comprehensive mit-
igation and adaptation strategies to protect infrastruc-
ture. Across all climate scenarios, projections indicate
a declining trend in hydropower capacity driven by
climatic variability.

In Ethiopia, concerns over transboundary water
rights have sparked regional tensions, particularly with
countries such as Egypt that depend heavily on Nile
waters. Tanzania, by contrast, regards hydropower as
a key driver of clean energy development, given its
potential to support economic growth and reduce vul-
nerability to climate change.

In Zambia, the intensification of hydropower devel-
opment raises concerns about declining water quality,
highlighting the need for sustainable infrastructure
investments such as wastewater treatment facilities,
environmentally conscious dam operations, and basin
protection zones. Zimbabwe, meanwhile, faces mount-
ing challenges related to high installation costs, land
requirements, and post-pandemic constraints, all of
which hinder the expansion of its hydropower sector.

Given the critical role of climate change as an ex-
ternal variable, it is essential to evaluate hydropower
generation and reservoir operations using key parame-
ters such as temperature, precipitation, humidity, river
flow, and basin characteristics. These indicators pro-
vide foundational data for designing resilient and effi-
cient hydropower systems. In addition, African coun-
tries are encouraged to explore solar energy, as the
continent holds 60% of the world’s most valuable so-
lar resources, offering a complementary path toward
sustainable energy development.

While hydropower offers a reliable pathway to en-
ergy access and socioeconomic advancement for coun-
tries like Ethiopia, Tanzania, Zambia, and Zimbabwe,
its development must ensure tangible benefits for local
communities and ecosystems to be truly sustainable.

Future research should explore the integration of other
renewable sources across the continent, supported by
green financial mechanisms that can accelerate Africa’s
transition to a diversified and sustainable clean energy
future.
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Abstract Resumen

This study presents a computational model of an elec-
tromagnetic cannon developed using the ATP-EMTP
simulation tool and its graphical interface, ATPDraw.
The system features a cylindrical metallic armature
that traverses multiple stages of circular coils. Em-
ploying the Voltage Behind Reactance (VBR) method-
ology, each coil is modeled as a dynamic equivalent
circuit comprising a resistance, an inductance, and
an electromotive force source. The model parame-
ters are dynamically updated at each simulation time
step based on the armature’s motion. The coils are
energized by pre-charged capacitors and connected
through thyristors, which are triggered at specific po-
sitions of the moving armature. The model’s validity
is corroborated by experimental data reported in the
literature, confirming the accuracy and robustness of
the proposed approach. In addition to supporting the
design of electromagnetic cannons, this work provides
a methodological foundation for future research and
practical applications in this domain.

Este trabajo presenta un modelo de cañón elec-
tromagnético desarrollado mediante la herramienta
ATP-EMTP y su entorno gráfico ATPDraw. El diseño
incluye varias etapas de bobinas circulares a través
de las cuales se desplaza una armadura metálica cilín-
drica. Utilizando la técnica VBR, cada bobina se
convierte en un equivalente dinámico, conformado
por una resistencia, una inductancia y una fuente de
fuerza electromotriz. Estos parámetros se determi-
nan instantáneamente según la dinámica del sistema
mecánico. Las bobinas se energizan mediante conden-
sadores inicialmente cargados y se conectan a ellas
mediante tiristores, que se disparan en momentos
específicos, determinados por la posición de la pieza
metálica móvil denominada armadura. La validez del
modelo se verifica mediante resultados experimentales
reportados en la literatura, asegurando la precisión
y efectividad del enfoque propuesto. Este estudio,
además de contribuir al diseño de cañones electro-
magnéticos, también establece una metodología de
análisis para futuras investigaciones y aplicaciones en
este campo.

Keywords: Electromagnetic cannon, Circular coils,
Armature, Eletromagnetic Transient Program, ATP-
Draw

Palabras clave: cañón electromagnético, bobinas
circulares, armadura, electromagnetic transient pro-
gram, ATPDraw
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1. Introduction

The electromagnetic cannon is a device that harnesses
the magnetic field generated within a solenoid, en-
ergized by an injected electric current, to accelerate
metallic moving components to high velocities. This
form of propulsion offers an alternative to traditional
systems that rely on chemical fuels or explosives. By
employing multiple stages arranged in sequence, elec-
tromagnetic cannons enable the achievement of high
speeds and significant acceleration [1].

The development of electromagnetic cannons dates
back to Fauchon-Villeplee’s research in 1918 [2], in
which he proposed the use of electrical energy for
projectile acceleration. However, the technological con-
straints of the time, combined with the lack of adequate
energy sources and materials, impeded practical im-
plementation. Several decades later, the United States
Navy revived the concept, fostering its development for
military applications. Since then, advances in power
electronics, novel material technologies, and sophis-
ticated control systems have made the practical im-
plementation of electromagnetic cannons increasingly
feasible. Nonetheless, significant challenges remain,
particularly in scaling the technology, enhancing its
efficiency and effectiveness, and reducing associated
costs.

Interest in electromagnetic cannons extends be-
yond military applications. Recent studies have ex-
plored their role in the propulsion of artificial satel-
lites, offering an efficient and cost-effective alterna-
tive for launching nano-satellites [3]. In this context,
Schroeder [4] introduced a model centered on space
propulsion, emphasizing its potential to enhance access
to space through electromagnetic launch systems.

In recent years, significant advancements have been
achieved in electromagnetic cannon technology, partic-
ularly with the development of multistage synchronous
induction coil systems [5–7], which enhance operational
efficiency by enabling contactless projectile propulsion.
The effectiveness of this approach relies on precise syn-
chronization between the coil power supply and the
projectile’s motion. However, achieving such exact syn-
chronization continues to pose a significant technical
challenge.

The electromagnetic cannon model presented in
this work introduces an analytical approach that in-
tegrates an electrical circuit whose parameters are
dependent on the dynamics of the electromechanical
system. To this end, the Voltage Behind Reactance
(VBR) representation [8,9] of the governing differential
equations is employed. This method derives a dynamic
Thèvenin equivalent based on the system’s motion-
dependent equations, enabling accurate modeling of
its behavior.

The model proposed in this work was implemented
using the ATP-EMTP simulation tool and its graphical

interface, ATPDraw. The system solves the governing
differential equations through programming in MOD-
ELS modules, which calculate the parameters of the
equivalent VBR circuit. These parameters are intercon-
nected with resistances, inductances, and controlled
voltage sources via signal control modules known as
TACS (Transient Analysis of Control Systems) [10].

The electromagnetic behavior of the coil-armature
interaction is characterized using the filament method
[11], which enables the calculation of the self and mu-
tual inductances of the coil and armature for any rela-
tive position between them. Numerical differentiation
is applied to determine the positional variation of these
inductances, which are essential for computing both
the electric force and the electromotive force acting on
the coil. Although the detailed derivation lies beyond
the scope of this work, the resulting inductance values
and their spatial derivatives are incorporated into the
ATP-EMTP model through MODELS programming.

2. Materials and Methods

2.1. Problem Statement

The electromagnetic cannon converts electrical energy
into mechanical energy through forces generated by
the interaction between the magnetic field produced
by the coil current and the field induced in the arma-
ture. This interaction results in the acceleration of the
armature as it moves through the coil. The effective-
ness of the energy conversion depends on the current,
dimensions, and geometry of the coils, as well as the
electromagnetic coupling with the armature circuit.
The electric force acting on the armature is calculated
using the principle of virtual work [12], while the result-
ing acceleration is determined by applying Newton’s
second law, accounting for resistive losses and friction.

The mutual inductance between a coil and the
armature is a function of their relative position. It
can be calculated with high precision using numerical
techniques such as finite element analysis or the fil-
ament method [11]. These methods enable accurate
modeling of the cannon’s behavior and support perfor-
mance optimization through simulations that account
for dimensional variations.

2.2. Dynamic Model of the Electromagnetic
Cannon

Figure 1 presents the equivalent circuit model of the
electromagnetic cannon, which consists of a charged
capacitor, a thyristor, the coil, and the moving arma-
ture. The system’s dynamic behavior is governed by a
set of differential equations derived from Kirchhoff’s
voltage law, Maxwell’s equations, Newton’s second law,
and the principle of virtual work [13]. The resulting
dynamic model is expressed as [14].
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Figure 1. Equivalent circuit model of the electromagnetic
cannon

[
vc

va = 0

]
=

[
Rc 0
0 Ra

] [
ic

ia

]
+ d

dt

[
λc

λa

]
(1)

where [
λc

λa

]
=

[
Lc Mca (z)

Mca (z) La

] [
ic

ia

]
(2)

Equation (2) describes the voltage drops across
the coil and the armature, incorporating both the
ohmic term and the electromotive forces induced in
each circuit, in accordance with Faraday’s law. The
mutual relationships between the flux linkages and
the currents in the system are determined by applying
Ampère’s law and Gauss’s law within the magnetic
circuit.

Figure 2 provides a more detailed representation
of the electromechanical system comprising the coil,
the armature, and its excitation circuit. According to
Newton’s second law, the force acting on the armature
is given by.

Figure 2. Electromechanical representation of the
coil–armature system in the electromagnetic cannon

∑
F = Fe − Fm = ma (3)

where

Fe = icia
∂Mca

∂z
; Fm = µf mag (4)

and,

ma is the mass of the armature,

µf is the friction coefficient,

g is the acceleration due to gravity,

The current through the coil discharges the capaci-
tor according to the following expression:

Cc
dvc

dt
= −ic, (5)

And due to the continuity of space, the following
kinematic equation is derived:

dz

dt
= u (6)

2.3. Parameter Calculation

2.3.1. Resistance

The resistance of the coil is calculated using the fol-
lowing expression:

Rc = ρ
L

A
= ρ

πND

πr2 = ρ
ND

r2 , (7)

where ρ = 1.68 × 10−8Ω · m is the resistivity of copper,
N is the number of turns of the coil, D is the diameter
of the circular coil, and r is the radius of the copper
cross-section.

2.3.2. Friction

The dynamic friction coefficient µd is determined from
the angle α of the inclined plane at which the moving
part begins to slide [15].

µd = tan α. (8)

2.3.3. Dimensions of the Coil and Armature

The dimensions of the coil and armature used in this
study are based on the work of Niu [7], who analyzed
the timing of the shot as the armature travels through
the coil. The electromagnetic cannon developed by Niu
features certain dimensional variations compared to
the present model. Figure 3 and Table 1 present the
dimensions adopted in this work. Figure 3 illustrates
a cross-sectional view at a representative azimuthal
position around the z-axis, which serves as the axis
of symmetry. The positions of two circular coils, each
with 55 turns, are shown in red to indicate their copper
composition. The solid tube representing the armature,
shown in blue, moves within the coils and is assumed
to be made of aluminum.
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rc
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Figure 3. Geometric dimensions of the coils and armature
in the electromagnetic cannon.

Table 1. Geometric and electrical parameters of the elec-
tromagnetic cannon

Parameters Values
rc 10.5cm

Coil Hc 6cm
p 10.5mm
N 55

ma 1.46kg
Armature ra 8cm

Ha 19cm
Da 1cm

External C 4mF
Excitation U0 1.87kV

Circuit Rc 20mΩ

2.3.4. Mutual Inductance Between the Coil and
the Armature

The mutual inductances between two concentric rings
separated by a distance z are calculated using the
following expression:

Mij =
2µ0

√
RiRj

k

[(
1 − k2

2

)
K(k) − E(k)

]
, (9)

where,

k2 = 4RiRj

(Ri + Rj)2 + c2 , (10)

K(k) is the complete elliptic integral of the first
kind, and E(k) is the complete elliptic integral of the
second kind.

To determine the mutual inductance, it is necessary
to compute the total magnetic flux linkage between all

filaments and divide it by the current that generates
this flux [11,16].

Mac = λac

Icoil
= NcoilNarm

n m v w

∑
j

∑
i

Mij (11)

The mutual inductance between the coil and the
armature is calculated by accounting for the varying
current densities in each filament of the armature. The
equivalent inductance between the coil and the arma-
ture is then obtained using matrices of mutual and
self-inductances, followed by the application of Krön
reduction [17]. Consequently, the self-inductance and
the mutual inductance of the armature are given by:

[Laa] =


Lf Ma1a2 · · · Ma1(v w)

Ma2a1 Lf · · · Ma2(v w)
...

... . . . ...
Ma(v w)a1 Ma(v w)a2 · · · Lf


(12)

where:

n m is the dimension of the coil filament matrix, and

v w is the dimension of the filament matrix represent-
ing the armature. Since all armature filaments
are short-circuited, the application of Krön re-
duction enables the determination of the self-
inductance of the equivalent circuit.

2.3.5. Self-Inductance of the Coil

The self-inductance of the coil is calculated using an
expression derived from the Biot–Savart law, based on
the numerical evaluation of complete elliptic integrals
for a solenoidal geometry [18]. The expression is given
by:

Lcoil = µ0

(
Ncoil

lcoil

)2 {
l4
coil + 4L2

coilR
2
coil

3D
K(kcoil)

}
+ ...

{(
+4R2

coil − L2
coil

) D

3 E(kcoil) − 8
3R3

coil

}
, (13)

where,

kcoil =
√

4R2
coil

D
and D =

√
4R2

coil + l2
coil, (14)

with K(k) as the complete elliptic integral of the first
kind and E(k) as the complete elliptic integral of the
second kind.
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2.3.6. Self-Inductance of an Armature Fila-
ment:

The self-inductance of an individual filament is cal-
culated using Maxwell’s expression, which considers
the mutual inductance between two identical circular
filaments separated by the Geometric Mean Distance
(GMD) [19]. The GMD is defined as:

GMD = e− 1
4 r = 0.7788r (15)

Lai = µ0ri

(
(1 + 0.1137R2

i

r2
i

) ln
(

8ri

Ri

))
+ ...

+
(

−0.0095R2

r2 − 1.75
)

(16)

2.3.7. VBR Model of the Cannon

The VBR model [9,14] provides an electrical and math-
ematical representation of the electromagnetic cannon,
effectively capturing how the coil’s equivalent resis-
tance and inductance vary as the projectile traverses
its trajectory. These variations are governed by the
projectile’s position, since the proximity of the metallic
armature alters the circuit’s impedance.

From (2), the flux linkage of the armature λa is
calculated as,

λa = Mca (z) ic + Laia, (17)
obtaining ia from (17),

ia = λa − Mca (z) ic

La
, (18)

and substituting (18) into the armature equation (1)
yields,

λa

t
= −Ra

La
λa + Ra

La
Mcaic. (19)

Equation (19) enables the computation of the ar-
mature flux linkage λa through numerical integration.

Substituting Equations (18) and (19) into the coil
expression in Equation (1) results in:

vc = Req ic + Leq
ic

t
+ ee (20)

Req = Rc + M2
ca

L2
a

Ra (21)

Leq = Lc − M2
ca

La
(22)

ee =
(

v
1

La

dMca

dz
− McaRa

L2
a

)
λa − 2v

Mca

La

dMca

dz
ic

(23)

And from the principle of virtual work,

Fe = ia ic
dMca

dz
(24)

Figure 4 illustrates the VBR model developed for
the electromagnetic cannon, derived from expressions
(21), (22), and (23). This model represents a dynamic
Thèvenin equivalent that facilitates simulation within
circuit analysis tools such as ATP-EMTP, Simulink,
and PSIM, among other specialized platforms.

ic

Req=Rc + Ra
M2

ca
L2
a

Leq=Lc − La
M2

ca
L2
a

−
+

eevc

ee =
(

v
La

dMca
dz

−Ra
Mca
L2

a

)
λa − 2vMca

La

dMca
dz

ic

Figure 4. VBR-based equivalent circuit representing the
electromagnetic interaction between the coil and the arma-
ture

2.4. Modeling in ATPDraw

The ATPDraw program is a human–machine graphical
interface that facilitates the efficient use of the ATP-
EMTP simulation tool. Within this environment, users
can integrate complex electrical circuits, control sys-
tems (TACS), and programmable components written
in the MODELS language. To simulate the behavior of
the electromagnetic cannon, these three components
are combined. The electrical circuit, comprising the
capacitor, thyristor, and coil, is modeled using ATP-
EMTP’s native circuit elements. The controls for the
sources and the thyristor firing are activated through
TACS modules. Additionally, system dynamics and
the position-dependent calculation of inductances are
implemented using MODELS programming.

2.5. Equivalent Circuit of the Electromagnetic
Cannon

Figure 5 shows the circuit implemented in ATPDraw
to model a single stage of the electromagnetic can-
non. The circuit includes a capacitor used to store
the energy required for firing, a thyristor triggered via
TACS, and its associated snubber circuit to mitigate
transient overvoltages. Additionally, the equivalent re-
sistance Req, inductance Leq, and electromotive force
Eeq are represented as variable components, whose
instantaneous values are determined through dynamic
computation using MODELS programming.
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Figure 5. Equivalent circuit based on the VBR model

2.5.1. Modeling of Mutual Inductance

The mutual inductance was modeled using the fila-
ment method [11], in which the coil was discretized
into n×m segments and the armature into v ×w circu-
lar elements. Each segment possesses a self-inductance
as defined in equation (16), while mutual inductances
between segments are computed using equation (9).
These expressions were implemented in a MATLAB
script to evaluate the electromagnetic coupling be-
tween the coil and the armature for arbitrary relative
positions along their axes. Figure 6 illustrates a rep-
resentative position z at which the inductances are
calculated; blue markers denote coil filaments, and red
markers represent those of the armature.
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Figure 6. Representative relative position between coil
and armature for mutual inductance calculation

Starting from the inductance calculations, where
the electromagnetic coupling between the coil and
the armature is evaluated at each separation distance
between their centers, the mutual inductance as a func-
tion of position z is obtained, as illustrated in Figure 7.
By applying numerical differentiation to this position-
dependent mutual inductance, its spatial derivative is
determined, as shown in Figure 8.
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Figure 7. Mutual inductance between the coil and the ar-
mature as a function of position z, obtained from equation
(11).
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Figure 8. Spatial derivative of the mutual inductance
between the coil and the armature as a function of position
z
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Figure 9. Extraction of key data points for graphical
reconstruction

The behavior of the derivative of the mutual in-
ductance with respect to position is subsequently re-
constructed within the ATPDraw programming inter-
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face. To this end, key data points are extracted from
the curve in Figure 8, as illustrated in Figure 9. The
derivative is modeled using three distinct functions:
a horizontal line between zero and z1, a line between
z1 and z2, and an exponential decay between z2 and
infinity. After defining these segments based on the
selected points, they are integrated to generate a con-
tinuous representation of the mutual inductance as a
function of position.

2.6. Modeling of the First-Stage Coil–
Armature System

The first model developed aims to replicate the inter-
action between a coil and the armature. To achieve
this, an electrical circuit is programmed in ATPDraw,
comprising a pre-charged capacitor, a thyristor with
its corresponding overvoltage protection circuit, the
equivalent resistance Req as defined by equation (21),
the equivalent inductance Leq from equation (22), and
the electromotive force ee according to equation (23).

These three quantities, Req, Leq, and ee, are dynam-
ically computed using the MODELS module dm-m,
which takes as input the armature’s position, velocity,
and the current in the coil. Additionally, this module
calculates the electric force Fe acting on the armature.
The resulting force is fed back into the MODELS mod-
ule dinamica, which numerically integrates equations
(19), (3), (5), and (6) to determine the armature’s
position z, velocity u, and flux linkage λa.

Figure 10. ATPDraw circuit used to model the first-stage
coil–armature interaction

Figures 11, 12, and 13 present the simulation re-
sults for the armature velocity u, the electric force Fe

acting on it, and the coil current, respectively.
Figure 11 illustrates the acceleration profile of the

armature resulting from the electromagnetic force gen-
erated by current injection into the coil, as depicted

in Figure 12. The electric force initially exhibits a pos-
itive peak, followed by a negative component of lower
magnitude, leading the armature velocity to reach a
maximum before gradually decreasing.

Figure 13 shows the behavior of the coil current.
While the current follows a sinusoidal trend, character-
istic of oscillations between the capacitor and the coil,
it is notably influenced by the armature’s motion. As
the armature traverses the coil, it alters the equivalent
inductance and induces an electromotive force, which
delays the current’s zero crossing and the subsequent
deactivation of the excitation thyristor.
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Figure 11. Velocity u of the armature for one stage can-
non
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Figure 12. Electric force Fe on the armature
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Figure 14 illustrates the reversal of current in
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the armature circuit relative to the coil current, a
phenomenon arising from the electromagnetic action–
reaction process. Despite the reversal, the system con-
tinues to exert force on the armature, contributing to
its acceleration during this interval.

Figure 15 shows the voltage behavior across the
capacitor when it is connected to the coil. The system
exhibits an L − C type oscillation that begins at ap-
proximately 1800 V and reaches a minimum of –1500V.
This voltage swing reflects both the transfer of energy
to the armature and the inherent energy losses in the
electrical circuit.
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Figure 14. Armature current ia
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Figure 15. Voltage across the capacitor vc during the
first-stage electromagnetic cannon discharge

2.7. Cannon Model with Multiple Stages

The implementation of a multistage electromagnetic
cannon involves replicating the initial single-stage
model across successive stages. Each stage requires
feedback of the coil current ici and the corresponding
mutual inductance Mcai. The total electromagnetic
force is computed by summing the contributions from
all stages, a process carried out using a TACS module.

Figure 16. Definition of parameters and positions of the
coils and the armature

To trigger the thyristors, it is necessary to iden-
tify the specific positions of the armature at which
the activation signals are applied. The first thyristor
is triggered at a predefined moment, positioning the
armature optimally, typically at the midpoint of the
coil when its velocity is zero. Subsequent stages are
activated based on the real-time position of the ar-
mature. Improper timing of thyristor activation can
negatively impact the final velocity of the projectile.
A common activation criterion is to fire the thyristor
when the rear end of the armature aligns with the mid-
point of each coil. However, as the armature’s velocity
increases, advancing the firing position can enhance
energy conversion efficiency. The selected trigger posi-
tions for each stage are summarized in Table 2. These
values serve as reference points for coil activation and
can be adjusted to optimize the system’s final velocity.

Table 2. Geometric and electrical parameters of the elec-
tromagnetic cannon

Coil Position calculation Triggering position
1 z + 95 − 390 z − 295 mm
2 z + 95 − 750 z − 655 mm
3 z + 95 − 1110 z − 1015 mm
4 z + 95 − 1470 z − 1375 mm
5 z + 95 − 1830 z − 1925 mm

Figure 17 presents the complete model of the elec-
tromagnetic cannon configured with five stages, con-
structed following the same methodology employed in
the single-coil model. In this multistage configuration,
an individual electrical circuit is replicated for each
stage, along with corresponding MODELS modules to
compute the mutual inductances and electric forces
generated by each coil. Additionally, a dynamic mod-
ule is employed to integrate the equations of motion
and calculate the armature’s flux linkage. This mod-
ule receives the cumulative effect of the instantaneous
forces generated by each coil of the electromagnetic
cannon.
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Figure 17. Five-stage Electromagnetic Cannon

Figures 18, 19, and 20 present the simulation re-
sults for the five-stage electromagnetic cannon model,
depicting the armature velocity u, the electric forces
Fei exerted by each coil, and the corresponding coil
currents ici. The velocity profile of the armature ex-
hibits a stepped behavior, attributable to the spatial
separation between the coils.

Figure 18 illustrates five distinct acceleration
phases, each corresponding to the armature’s passage
through a coil. These accelerations result from the elec-
tromagnetic forces generated by the coils, as shown
in Figure 19. Each acceleration phase resembles the
behavior observed in the single-stage case (Figures 11
and 12); however, the armature’s velocity progressively
increases with each stage. This progression modifies
the acceleration dynamics due to the varying electro-
motive forces induced in the coils.
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Figure 18. Velocity u during the five stages
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Figure 19. Electric force of the five stages

Figure 20 shows the evolution of the currents in
each coil as the armature’s velocity increases. At higher
speeds, a noticeable change in shape occurs because the
armature exits the coil entirely before the current can
reach zero, thereby preventing the proper deactivation
of the corresponding thyristor.
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Figure 20. Current in the coil during the five stages

Figures 22 and 21 present the simulation results
for the armature current and the voltages across the
capacitors in each stage of the converter. The observed
behavior is similar to that of a single-coil system; how-
ever, in the multistage configuration, the armature cur-
rent exhibits an initial value at each triggering event.
This initial current influences the generation of elec-
tromagnetic force and, consequently, the acceleration
of the moving armature.
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Figure 21. Armature current of the five stages.
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Figure 22. Capacitor voltage in the five stages
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3. Results and discussion

This section summarizes the simulation results ob-
tained using the developed model for both the single-
stage and five-stage electromagnetic cannons. Addition-
ally, the outcomes are compared with experimental
data reported in the literature for a five-stage can-
non [7].

3.1. Results of the First Stage

Table 3 presents the steady-state or peak values of the
key variables obtained for the first-stage electromag-
netic cannon model.

Table 3. Results of the first stage

Variable Results
Velocity 32.47 m/s

Ic 3769.3 A
Ia 56.8 kA
Fe 24.64 kN

In the specific case of velocity, the steady-state
value reported in Table 3 corresponds to the final
value attained after the peak has been surpassed. This
slight decline is attributed to the negative electric force
that emerges toward the end of the coil’s current pulse.

The obtained results are consistent in both form
and magnitude with simulations and experiments re-
ported in previous studies [7].

3.2. Results of the Multiple Stages

Table 4 presents the steady-state or peak values of the
key variables for the five-stage electromagnetic can-
non. In this configuration, the velocity increases in a
stepwise manner across each stage, ultimately reaching
79.7 m/s, owing to the precise synchronization of the
thyristor triggers. While this final velocity could be
improved by adjusting the firing positions, such opti-
mization lies beyond the scope of the present study.
In the first stage, firing is scheduled based on time,
whereas in subsequent stages it is controlled by the
armature’s position using a MODELS block with a
triggering mechanism. The firing is slightly advanced
to minimize errors and enhance energy transfer.

The relationship between velocity and force shown
in Figure 19 confirms that the force peaks align with
the velocity increments, underscoring the critical role
of precise switching activation. A summary of the cor-
responding results is provided in Table 4.

Table 4. Results of each stage of the process

Stage Variable Result
Velocity 32.47 m/s

Stage 1 Ic 3769.3 A
Ia 56.8 kA
Fe 24.64 kN

Velocity 44.32 m/s
Stage 2 Ic 4169.23 A

Ia 88.91 kA
Fe 15.516 kN

Velocity 58.032 m/s
Stage 3 Ic 3879 A

Ia 73.124 kA
Fe 18.174 kN

Velocity 70 m/s
Stage 4 Ic 3467.4 A

Ia 48.189 kA
Fe 18.797 kN

Velocity 80 m/s
Stage 5 Ic 3601.4 A

Ia 54.06 kA
Fe 17.9 kN

3.3. Comparison with Experimental Results

Experimental results for a five-stage electromagnetic
cannon with dimensions similar to those used in this
study are presented in [7]. The system specifically
focuses on optimizing the firing synchronization of
the electromagnetic cannon. The results from Niu’s
experiment are reproduced in Table 5.

Table 5. Results of coil current and experimental velocity

Stage Results
Stage 1 Ic ≈ 5.66 kA
Stage 2 Ic ≈ 6.82 kA
Stage 3 Ic ≈ 7.38 kA
Stage 4 Ic ≈ 8.11 kA
Stage 5 Ic ≈ 9 kA
Velocity 88 m/s

The comparison between Niu’s model and the one
developed in this work reveals that the coil currents
in the proposed model are lower and exhibit a pulsat-
ing profile, whereas in Niu’s model [7], the currents
increase progressively. The present model reaches a
final velocity of 80 m/s, slightly below the 88 m/s
achieved in Niu’s system. This difference may be at-
tributed to the higher efficiency of Niu’s configuration;
however, both models demonstrate comparable per-
formance in terms of energy conversion. Further im-
provements could be made to the proposed model and
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thyristor firing system, particularly in the optimization
of switching times.

3.4. Discussion

3.4.1. Evaluation of the Method Used

The modeling approach employed in this work provides
a robust and reliable tool for designing electromagnetic
cannons. It demonstrates strong agreement with ex-
perimental data, exhibiting discrepancies of less than
10% in critical measurable variables such as coil cur-
rents, projectile velocity, and capacitor voltages. Other
parameters, including the acceleration force and ar-
mature currents, are inherently difficult to measure
directly; however, they can be effectively estimated
through the predictive capabilities of the proposed
model.

3.4.2. Evaluation of the VBR Method

The Voltage Behind Reactance (VBR) method pro-
vides an effective framework for representing the elec-
tromagnetic behavior of the cannon through equivalent
electrical circuits, transforming the coil and armature
into a voltage source behind a reactance. Unlike its
conventional application in induction machines, where
the reactance remains constant and only the induced
electromotive force varies, this implementation requires
real-time adjustments to both resistance and equivalent
inductance as functions of the projectile’s position z.
Consequently, it becomes necessary to simultaneously
solve the coupled electrical and mechanical differential
equations, given their strong interdependence.

3.4.3. Evaluation of the ATP-EMTP Tool

The ATP-EMTP simulation tool, along with its graph-
ical interface ATPDraw, proved highly effective for
modeling the electromagnetic cannon. These programs
enable fast and efficient computation by employing the
trapezoidal integration method, which models system
components as networks of conductances powered by
current sources at each integration step.

Given the complexity of the electromagnetic sys-
tem, accurately simulating the behavior of self and
mutual inductances requires the use of the filament
method. To incorporate these results into the simu-
lation, functional approximations or tabulated values
are implemented within the MODELS programming
environment in ATP-EMTP. In this work, precise out-
comes were achieved by selecting three representative
points from the derivative profile of mutual inductance
between the coil and the armature. These points were
then used to perform the analytical integration of these
functions into MODELS programs for each coil.

The system dynamics were also successfully mod-
eled within a MODELS module by integrating the

system’s state variables to compute the armature’s
position, velocity, and flux linkage.

3.4.4. Challenges associated with electromag-
netic cannon development

The development of electromagnetic cannons presents
several critical challenges that must be addressed to
enable their practical deployment:

• They require high-power, compact energy
sources.

• Significant energy losses, primarily converted
into heat, must be efficiently managed to pre-
vent thermal conditions that exceed the limits
of structural materials.

• There are mechanical and thermal stress limits
that current materials cannot exceed.

• The high projectile velocities introduce chal-
lenges for the control systems across the entire
structure.

• The electromagnetic fields generated can inter-
fere with control and communication systems,
potentially disrupting their operation.

• High development and implementation costs may
limit the scalability and practical adoption of
these technologies.

• The reaction forces generated in the coils, com-
parable in magnitude to those acting on the
projectile, require support systems capable of
absorbing substantial mechanical stress.

4. Conclusions

This study presents the development of a computa-
tional model of an electromagnetic cannon, constructed
using an analytical–numerical methodology for the cal-
culation of self and mutual inductances in both the
coils and the armature. The inductance profiles were
implemented within the ATP-EMTP simulation envi-
ronment using linear and exponential approximations.

The proposed model is structured into four inter-
connected subsystems: 1. The representation of the
electrical circuit. 2. The integration of the differential
equations governing the dynamic behavior of key state
variables. 3. A module responsible for computing the
inductances and their derivatives, as well as the elec-
tromagnetic force exerted on the armature by each coil.
4. A triggering module that activates each thyristor at
appropriate armature positions. This architecture is
scalable to any number of stages and emulates, with
high fidelity, the principal components and dimensions
of electromagnetic cannon systems.
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Simulation results derived from this model exhibit
deviations of less than 10% compared to experimental
data reported in [7], demonstrating the approach’s ac-
curacy and robustness. Coupled with the user-friendly
programming environment and visual interface offered
by ATP-EMTP and ATPDraw, the proposed mod-
eling framework constitutes a powerful tool for the
analysis and design of electromagnetic launch systems.
These systems hold growing relevance in diverse appli-
cation areas, including military technologies, aerospace
propulsion, and plasma generation for advanced scien-
tific research.
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Abstract Resumen
Data generation strategies are essential for addressing
the challenge of limited training data in deep learning-
based medical image analysis, particularly for hy-
pertrophic cardiomyopathy (HCM) using magnetic
resonance imaging (MRI). Unlike traditional augmen-
tation techniques, deep generative models can synthe-
size novel and diverse MRI images, enriching the train-
ing datasets. This study evaluates several generative
models, including Variational Autoencoders (VAEs),
Generative Adversarial Networks (GANs), Deep Con-
volutional GANs (DCGANs), Auxiliary Classifier
GANs (ACGANs), InfoGANs, and Diffusion Mod-
els, using the Structural Similarity Index Measure
(SSIM) and Cross-Correlation Coefficient (CC) to as-
sess image quality and structural fidelity. While VAEs
demonstrated limitations such as noticeable noise and
blurriness, GAN-based models, particularly DCGANs
and ACGANs, generated higher-quality and anatom-
ically accurate images. Diffusion models achieved the
highest image fidelity among all the methods eval-
uated, but required longer generation times. These
findings underscore the trade-off between image qual-
ity and computational efficiency and highlight the
potential of deep generative models to augment MRI
datasets, thereby improvingdeep learning applications
for HCM diagnosis.

Las estrategias de generación de datos son fundamen-
tales para superar el desafío de los datos de entre-
namiento limitados en el análisis de imágenes médicas
basado en aprendizaje profundo, en particular para la
miocardiopatía hipertrófica (HCM) mediante resonan-
cia magnética (MRI). A diferencia de los métodos de
aumento tradicionales, los modelos generativos pro-
fundos pueden sintetizar imágenes de MRI novedosas
y diversas. Este estudio evalúa múltiples modelos
generativos: autocodificadores variacionales (VAE),
redes generativas adversarias (GAN), GAN convolu-
cionales profundas (DCGAN), GAN con clasificador
auxiliar (ACGAN), InfoGAN y modelos de difusión,
utilizando el índice de similitud estructural (SSIM)
y el coeficiente de correlación cruzada (CC) para
evaluar la calidad de imagen y la fidelidad estruc-
tural. Si bien los VAE mostraron limitaciones como el
ruido y la borrosidad, los modelos basados en GAN,
especialmente DCGAN y ACGAN, produjeron imá-
genes de mayor calidad y precisión anatómica. Los
modelos de difusión lograron la mayor fidelidad de
imagen, aunque a expensas de tiempos de generación
más prolongados. Estos resultados destacan la com-
pensación entre la calidad de imagen y la eficiencia
computacional, y demuestran el potencial de los mo-
delos generativos para ampliar los conjuntos de datos
de MRI, mejorando así las aplicaciones de aprendizaje
profundo para el diagnóstico de HCM.

Keywords: Data Generation, Diffusion models, Gen-
erative Adversarial networks, Variational autoen-
coders.

Palabras clave: generación de datos, modelos de
difusión, redes generativas adversarias, codificadores
automáticos variacionales
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1. Introduction

Artificial intelligence (AI) has become an increasingly
powerful tool for analyzing medical data, including
images, text, and signals, to support disease interpre-
tation, identification, classification, and diagnosis [1].
The development of AI-based medical software relies
heavily on large volumes of diverse data, such as elec-
trocardiograms, X-rays, magnetic resonance imaging
(MRI), computed tomography (CT), echocardiography,
and dermatological images [2–8]. However, the collec-
tion and annotation of these datasets remain costly
and time-consuming, often requiring expert clinicians
to manually label the data [9].

Although numerous medical datasets are available,
publicly accessible data for rare cardiac conditions
such as hypertrophic cardiomyopathy (HCM) remain
scarce. This limitation stems from factors including the
low prevalence of the disease, privacy restrictions, and
class imbalance within existing datasets. Consequently,
there is an urgent need for advanced techniques capable
of generating high-quality synthetic medical images to
augment current datasets. Deep learning models, par-
ticularly those developed for medical image analysis,
benefit greatly from large, balanced, and precisely la-
beled datasets, which improve diagnostic accuracy and
generalizability [10]. Moreover, diverse training data
are essential for mitigating overfitting and enhancing
model robustness.

Developing effective deep learning models for med-
ical imaging poses several challenges. First, acquiring
sufficient data is difficult due to patient confidentiality
constraints and limited data sharing among institu-
tions. Second, manual annotation of medical images is
labour-intensive, time-consuming, and susceptible to
variability across different imaging modalities. Third,
datasets often exhibit class imbalance, as pathologi-
cal cases typically constitute a minority compared to
normal or healthy instances [11]. Collectively, these
challenges complicate the development of reliable au-
tomated diagnostic systems.

To address these issues, researchers have adopted
data augmentation techniques to increase dataset size
and variability. Traditional augmentation methods in-
clude geometric transformations, kernel operations,
and colour space adjustments [12–14]. While useful,
these methods yield only limited variation because
they manipulate existing images rather than creating
entirely new ones. In contrast, deep learning-based
augmentation approaches, such as Variational Autoen-
coders (VAEs), Neural Style Transfer, Diffusion Mod-
els, and Generative Adversarial Networks (GANs),
have demonstrated superior capability in generating
diverse and realistic synthetic images [15–17]. Unlike
conventional methods, these generative models learn
the underlying high-dimensional data distribution, en-
abling the creation of novel samples that closely re-

semble real-world data. As a result, deep generative
models are particularly effective for mitigating data
scarcity and class imbalance, especially for rare dis-
eases such as HCM, thereby enhancing the training
and generalization performance of diagnostic models.

Section 2 reviews the deep generative models
used for synthetic image generation and describes the
methodology, section 3 presents the results and discus-
sion, and section 4 summarizes the conclusions.

2. Materials and methods

2.1. Deep generative models

This section provides a concise description of the dif-
ferent deep generative models employed for generating
medical images. It focuses on three main types of mod-
els: Variational Autoencoders, Generative Adversarial
Networks, and Diffusion Models.

2.1.1. Variational autoencoder

Max Welling and Diederik P. Kingma introduced
the concept of the variational autoencoder (VAE) in
2013 [18]. A VAE describes an observation in latent
space in a probabilistic manner. Instead of producing a
single value for each latent state attribute, the encoder
generates a probability distribution for each attribute.
Applications of VAEs include data compression and the
generation of synthetic data. Figure 1 illustrates the
VAE architecture, with its main components detailed
below.

• Input: The input to a VAE depends on the spe-
cific application and the domain of interest. For
image-based VAEs, the input typically consists
of entire images or image patches.

• Encoder:The encoder transforms the input data
into the parameters of the latent space, which
define the associated probability distribution. It
typically consists of multiple neural network lay-
ers, such as convolutional or fully connected lay-
ers, that work together to reduce the dimension-
ality of the input. The output of the encoder
is a set of mean and variance vectors that ap-
proximate the characteristics of a multivariate
Gaussian distribution in the latent space.

• Latent space: Each point in the latent space
represents a latent code, which is a reduced-
dimensional description of the input data. During
training, the encoder learns to generate latent
codes that accurately capture the essential fea-
tures of the input.

• Decoder: Before mapping the transformed data
back to the input space, the decoder extracts a
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relevant subset from the latent space. Like the
encoder, it consists of several neural network lay-
ers that progressively sample the latent code and
generate the output. The goal of the decoder is to
reproduce the original input data as accurately
as possible.

Figure 1. Variational autoencoder

VAEs rely on the mathematical representation of
the latent space learned by the encoder network to
approximate the data distribution, while the decoder
network uses this representation to generate samples
similar to the training data.

The encoder network maps an input sample x to
a latent representation z according to Equation (1),
while the decoder network uses Equation (2) to recon-
struct the input space from the latent representation z.
The functions f and g denote the encoder and decoder
networks, respectively.

z = f(x) (1)

x′ = g(z) (2)
The loss function of the VAE is defined in Equa-

tion (3). In this equation, the first term represents the
reconstruction loss, while the second term corresponds
to the Kullback–Leibler (KL) divergence.

Loss = E [L (x, x′)] − DKL (q (z | x) || p (z)) (3)

Where L (x, x′) = logp (x | x′) (4)

2.1.2. Generative adversarial networks

Generative Adversarial Networks (GANs) are an un-
supervised learning method that leverages the well-
established zero-sum game theory framework for two
players. This concept was introduced by Goodfellow
in 2014 [19]. In a GAN, the generator creates new
samples based on real data, while the discriminator
estimates the underlying data distribution by distin-
guishing between real and generated samples, see figure
2.

• Generator: The generator component of a GAN
creates synthetic data by transforming random
noise into samples that resemble real data.

• Discriminator: The discriminator component
of a GAN acts as a classifier that distinguishes
between real data and artificially generated data
produced by the generator.

Figure 2. Architecture of a generative adversarial network
(GAN)

GANs operate based on a mathematical framework
in which the discriminator network provides feedback
on the realism of generated samples, while the genera-
tor network maps latent space representations to the
original data space. This adversarial process enables
GANs to learn a generative model of the data and
produce diverse, realistic synthetic samples. Compared
to other generative methods, GANs offer notable ad-
vantages, including the ability to handle complex data
distributions and generate high-resolution images [20].

The loss function of the GAN is defined in Equation
(5).

minGmaxDV (D, G) = Exlog(D(x))+
Ezlog(1 − D(G(z)))

(5)

In Equation (5), Zepresents the latent space or
noise input, which is supplied to the generator. The
discriminator is denoted by D, and the generator is
denoted by G. The discriminator receives both the
generated images and the real data samples. The rep-
resentation of real data is expressed as D(x), while
the representation of generated data is expressed as
D(G(z)). Both the discriminator and generator net-
works are trained simultaneously: the discriminator
aims to minimize the classification score of generated
samples, whereas the generator seeks to maximize it.

Several variants of GANs have been introduced in
recent years. Some of these variants are described in
the following sections.
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2.1.3. Deep convolutional GANs

Deep Convolutional Generative Adversarial Networks
(DCGANs) are a novel variant of convolutional neural
networks (CNNs) designed with specific architectural
constraints, as introduced in [21]. To meet these re-
quirements, DCGANs incorporate three key architec-
tural modifications. First, they replace fully connected
hidden layers and pooling layers with convolutional
layers, using fractional-strided convolutions in the gen-
erator and strided convolutions in the discriminator
to enhance network performance. Second, they apply
ReLU activations to all layers of the generator except
the output layer, while employing LeakyReLU acti-
vations throughout the discriminator. Third, batch
normalization is applied consistently in both the gen-
erator and the discriminator.

2.1.4. Auxiliary classifier GAN

Odena et al. [22] introduced the Auxiliary Classifier
Generative Adversarial Network (ACGAN), which
incorporates an additional classifier to enhance the
model’s performance. The ACGAN discriminator in-
cludes a classifier that categorizes samples into discrete
classes, thereby improving training stability. In an AC-
GAN, the generator G uses both noise Z and a cate-
gory label C sampled from a distribution to generate
a synthetic sample, denoted as xfake = G(c, z). The
discriminator D distinguishes between real and fake
samples while also considering both the authenticity
and the class labels.

The objective functions of the ACGAN are defined
in Equations (6) and (7).

Ls = E [log(P (S = real | Xreal))] +
E [log(P (S = fake | Xfake))]

(6)

Lc = E [log(P (C = c | Xreal))] +
E [log(P (C = c | Xfake))]

(7)

The terms Ls and Lc denote the probabilities of
correctly identifying the source and the class, respec-
tively. X denotes the input image, C is the class label,
and S is the source.

When training the discriminator D, the primary
objective is to maximize the total loss (Ls + Lc). In
contrast, the generator G is trained to maximize the
difference Ls − Lc between the losses.

2.1.5. Information Maximizing GAN (Info
GAN)

InfoGAN was proposed by Chen et al. [23] as
an information-theoretic approach to improve inter-
pretability in GANs by learning meaningful latent

variables. The term “info” indicates the mutual in-
formation shared between the generated distribution
G(z, c) and the latent code c. To reduce the correla-
tion between x and c, InfoGAN maximizes the mutual
information I(c; G(z, c)). A regularization term incor-
porating this information objective is added to the
standard GAN loss function. To estimate a tractable
lower bound of the mutual information P (c | x), an
auxiliary distribution Q(c | x) is introduced to approx-
imate P (c | x).

The objective function of InfoGAN is defined in
Equation (8):

min

G, Q

max

D
L(D, G, Q) = V (D, G) − λI(G, Q) (8)

Where λ is the regularization constant, typically
set to one.

2.2. Diffusion models

Sohl-Dickstein et al. were the first to introduce diffu-
sion models [24]. Building on this idea, Ho et al. [25]
proposed Denoising Diffusion Probabilistic Models
(DDPMs), marking the first demonstration that diffu-
sion models can achieve performance comparable to
other generative models for image synthesis tasks.

Diffusion models are advanced machine learning al-
gorithms that generate high-quality data by gradually
adding noise to a dataset and then learning how to
reverse this process [26]. As a subset of deep learning-
based generative models, their primary objective is
to produce synthetic data that is both realistic and
plausible given a set of input conditions. Due to their
many advantages over other generative methods, such
as the ability to generate highly diverse data, handle
high-dimensional datasets, and learn complex distri-
butions effectively, diffusion-based generative models
have recently gained significant popularity across vari-
ous scientific disciplines [27].

A diffusion model is a probabilistic generative
framework that involves two multi-step processes: for-
ward diffusion and reverse diffusion. In the forward
diffusion process, noise is gradually added to the in-
put data until the original information is completely
obscured. In contrast, the reverse diffusion process
employs a trainable neural network to progressively
remove the noise and reconstruct the original data dis-
tribution. Synthetic outputs are generated by applying
this trained neural network to noisy samples, see figure
3.
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Figure 3. Architecture of a diffusion model

To initiate the forward diffusion process, samples
are drawn from a simple distribution, typically a Gaus-
sian. This initial sample then undergoes a sequence of
small, reversible transformations. Through a Markov
chain, each step incrementally increases the complex-
ity of the sample, which can be interpreted as the
progressive addition of structured noise.

In a forward diffusion process, small amounts of
Gaussian noise are progressively added to a data point
x drawn from the true data distribution q(x), pro-
ducing a series of increasingly noisy samples denoted
by x1, x2, x3, . . . , xT . This process is mathematically
defined by Equations (9) and (10).

q(xt | xt−1) = N(xi,
√

1 − βtxt−1,βtI) (9)

q(x1:T | x0) =
T∏
t

= q(xt | xt−1) (10)

The reverse diffusion process is defined by Equa-
tions (11) and (12).

pθ(x0:T ) = p(xT ) ·
Ī∏

l=1
pθ(xt−1 | xt) (11)

pθ(xt−1 | xt) = W (xt−1; uθ(xt, t),
∑

θ(xt, t)) (12)

2.3. Methodology

Images of hypertrophic cardiomyopathy (HCM) are
generated using various deep generative models, with
Magnetic Resonance Imaging (MRI) serving as the pri-
mary modality for detecting and evaluating the disease.
MRI provides detailed and high-resolution images of
the heart’s structure and function without the use of
ionizing radiation, making it particularly well-suited
for cardiac assessment. Key features of HCM, such
as ventricular wall thickening and myocardial fibrosis,
can be effectively evaluated through MRI scans. This
imaging technique also enables assessment of disease
severity and progression, supporting clinical decision-
making. Furthermore, the MRI data serve as the basis

for developing and validating automated techniques
for HCM detection and analysis.

The dataset for hypertrophic cardiomyopathy was
obtained from the Cardiac ACDC Dataset.

2.3.1. Dataset

The cardiac MRI scans used in this study were sourced
from the open-source Cardiac ACDC dataset [28]. The
real clinical examinations that form the ACDC dataset
were provided by the University Hospital of Dijon. To
protect patient privacy, all data underwent thorough
anonymization and processing in accordance with the
criteria established by the local ethics committee of
the French Hospital of Dijon. The dataset includes a
sufficient number of examples to train machine learn-
ing algorithms and to reliably assess changes in key
physiological parameters derived from cine-MRI, such
as diastolic volume and ejection fraction. It encom-
passes a range of diverse cardiac pathologies and is
divided into five categories with an equal proportion
of cases in each. In total, the dataset comprises 150
examinations, each obtained from a different patient.

2.3.2. Experimental setup and training process

The Python programming language and the PyTorch
framework were used to implement the various deep
generative models. Model training was performed in
an Anaconda Navigator and Jupiter Notebook envi-
ronment, with Graphics Processing Unit (GPU) accel-
eration enabled on an Intel I7 laptop.

Each generative model, including VAE, GAN, Deep
Convolutional GAN (DCGAN), InfoGAN, ACGAN,
and Diffusion Models, was trained using the Adam op-
timizer with an initial learning rate of 0, 0002, β1 = 0, 5
y β2 = 0, 999. The batch size was set to 32, and models
were trained for up to 100 epochs unless early stopping
was triggered based on validation loss. For the diffusion
models, training was extended to approximately 115
epochs. For GAN-based architectures, the appropriate
adversarial loss functions were applied; InfoGAN ad-
ditionally optimized a mutual information loss term,
and ACGAN incorporated an auxiliary classification
loss. VAEs were trained by minimizing a combina-
tion of reconstruction loss and Kullback–Leibler (KL)
divergence. Training stability was enhanced through
techniques such as gradient penalty and label smooth-
ing where applicable. Model checkpoints were saved
regularly to preserve the best-performing weights ac-
cording to validation metrics.

Upon completion of training, approximately 1,000
images were generated. These images were then sub-
jected to a qualitative evaluation to assess their simi-
larity to the original dataset.
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2.3.3. Evaluation metrics

The SSIM, cross-correlation, and mean squared error
(MSE) metrics were used to evaluate the deep gen-
erative models, as they capture different aspects of
image quality and similarity that are crucial in medical
imaging contexts.

2.3.4. Structural similarity index (SSIM)

The Structural Similarity Index (SSI), also known as
SSIM, is a widely used metric for quantifying the sim-
ilarity between two images [29]. SSIM evaluates the
similarity of structural information by considering lu-
minance, contrast, and structural patterns within the
images. It works by performing three comparisons be-
tween corresponding patches: luminance comparison,
contrast comparison, and structural comparison. These
results are then combined to produce an overall SSIM
index, which ranges from -1 to 1, where a value of 1
indicates perfect structural similarity.

For two images, x and y, SSIM is computed using
the equation (13):

(x, y) = (2 · µxµy + c1) · (2 · σxy + c2)
(c12 + µx2 + µy2) · (c22 + σx2 + σy2) (13)

σy2, σx2 are the variances of images y and x, re-
spectively.

σx,y is the covariance between y and x.
µx, µy are the mean values of images x and y,

respectively.
The constants c1 and c2 are determined based on

the dynamic range of the pixel values. The SSIM value
equals one if and only if both x and y are identical.

2.3.5. Cross correlation coefficient

In image processing, cross-correlation is a technique
used to measure the similarity between two signals or
images [30]. It involves sliding one image (or signal)
over another and calculating a similarity measure at
each position.

2.3.6. Mean square error

One of the most widely used and straightforward full-
reference metrics is the mean squared error (MSE),
which is calculated by squaring the intensity differ-
ences between corresponding pixels in the distorted
and reference images [31].

3. Results and discussion

The comparison between real and generated images
produced by different deep generative models was con-
ducted using three metrics: SSIM, cross-correlation
coefficient, and mean squared error (MSE). These

metrics quantify the degree of similarity between the
generated images and the original ones.

The performance of the generated images for hy-
pertrophic cardiomyopathy using different deep gener-
ative models is summarized in Table 1. The similarity
index of the images generated by the VAE is lower
than that of all the GAN-based and diffusion models.
The generated images produced by the various deep
generative models for hypertrophic cardiomyopathy
are presented in Figure 4. The first image shows the
original MRI scan, followed by the VAE-generated
image, the GAN-generated image, the DCGAN- and
InfoGAN-generated images, and finally the image gen-
erated using the diffusion model.

Table 1. Performance Analysis between Real and Gener-
ated Images using different deep generative models (VAE,
GAN, DCGAN, ACGAN, and Diffusion Models)

Method SSIM
Cross- Correlation

MSECoefficient
VAE 0.903 0.8421 0.39
GAN 0.941 0.8821 0.1

DCGAN 0.958 0.9204 0.1
ACGAN 0.969 0.9371 0.09
Diffusion 0.972 0.9403 0.06models

Figure 4. Original Image and Synthesized cardiac images
generated using VAE, GAN, DCGAN, ACGAN, and Dif-
fusion model, respectively
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In addition to these similarity results, the training
loss graphs for the various deep generative models are
also presented. The loss function results for the VAE
are shown in Figure 5, where it can be observed that
the loss decreases as the number of epochs increases.

Figure 6 shows that the generator loss in the
GAN increases initially, while the discriminator loss
decreases as the number of epochs increases up to ap-
proximately 18 epochs. After that point, both losses
converge around the 62nd epoch, which yields the best
results. The training losses for the DCGAN and diffu-
sion models are shown in Figures 7 and 8, respectively.

When compared to GANs, VAEs perform better
during training due to their resilience against mode
collapse and their ability to produce more diverse out-
puts. However, a major drawback is that the generated
images are generally blurry and lack sharp detail.

Although diffusion models can produce highly real-
istic results and maintain stable training, the extensive
diffusion process requires a lengthy sampling period,
which can limit their practicality for generating images
efficiently. This trade-off is evident in the performance
metrics presented in Table 1.

Figure 5. Training Loss of the VAE

Figure 6. Training Loss of the GAN

Figure 7. Training Loss of the DCGAN

Figure 8. Training Loss of the Diffusion model

4. Conclusions

Data generation strategies are critical for overcoming
the challenge of limited training data in deep learning-
based medical image analysis. Unlike conventional data
augmentation techniques commonly applied in cardiac
diagnostics, deep generative models can synthesize en-
tirely new and diverse data samples. In this study, the
performance of various data generation approaches
was evaluated using the Structural Similarity Index
Measure (SSIM) and the Cross-Correlation Coefficient
(CC), both of which are standard metrics for assessing
image quality and structural fidelity.

The variational autoencoder (VAE) approach
achieved an SSIM of 0.9028 and a CC of 0.8421;
however, the generated images exhibited noticeable
noise and blurriness, revealing limitations in visual
realism. In contrast, generative adversarial networks
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(GANs) demonstrated improved performance, achiev-
ing an SSIM of 0.9428 and the same CC of 0.8421.
Among the GAN variants, both deep convolutional
GANs (DCGANs) and auxiliary classifier GANs (AC-
GANs) produced superior results, with SSIM values
of 0.9576 and 0.9687, respectively, indicating a greater
capability to generate high-quality and structurally
accurate images.

Diffusion models outperformed both GANs and
VAEs in terms of similarity metrics, achieving the
highest SSIM scores; however, their practicality is con-
strained by substantially longer sampling times. This
trade-off between image quality and computational
efficiency should be carefully weighed when select-
ing an appropriate generative model for medical data
augmentation in cardiac diagnostics, particularly for
conditions such as hypertrophic cardiomyopathy.
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Abstract Resumen
Maintenance and inspection protocols in the
aerospace industry are designed to safeguard the
structural integrity of aircraft and ensure pilot safety.
However, the air intakes of fighter aircraft pose signif-
icant access challenges for maintenance technicians
during preflight inspections. To address this limita-
tion, this study presents an innovative solution: the
implementation and evaluation of a robot equipped
with a wheeled-legged locomotion system. This sys-
tem enables efficient access to the air intakes, signifi-
cantly enhancing the inspection protocol. The robot
was developed in close alignment with the operational
requirements of Peruvian Air Force (FAP) technicians,
which was critical to defining its design specifications
and manufacturing parameters. Its adaptive and com-
pact architecture allows it to navigate confined in-
take structures effectively, optimizing inspection time
and resource utilization. The prototype’s performance
was rigorously assessed through standardized tests,
demonstrating its capability to reliably access and
inspect air intakes under preflight conditions. This
advancement contributes to the modernization of
conventional aircraft maintenance procedures by in-
tegrating robotic technologies into the aeronautical
inspection process.

Los protocolos de mantenimiento e inspección en
la industria aeroespacial están diseñados para salva-
guardar la integridad estructural de las aeronaves
y la seguridad de los pilotos. Las tomas de aire de
los aviones caza presentan un acceso limitado para
los técnicos de mantenimiento durante la inspección
en estado previo al vuelo. Ante esta limitación, se
propone una solución innovadora mediante la imple-
mentación de un robot con sistema de locomoción
wheeled-legged, que permite acceder a dichas tomas
de aire y optimizar significativamente el protocolo
de inspección. En esta investigación se desarrolló e
implementó un robot con tecnología de locomoción
wheeled-legged, cuyo propósito específico es facilitar
la inspección de las tomas de aire en aviones caza
previo al vuelo. Para su diseño y fabricación se consid-
eraron cuidadosamente los requerimientos operativos
de los técnicos de la Fuerza Aérea del Perú (FAP),
lo que resultó fundamental en la definición de las
especificaciones del sistema. El resultado fue un di-
seño adaptativo y compacto que permite al robot
desplazarse con eficacia a través de las tomas de aire,
optimizando el tiempo y los recursos empleados en
las inspecciones. Mediante pruebas estandarizadas se
evaluó el rendimiento del prototipo, demostrando su
capacidad para acceder e inspeccionar eficazmente
dichas estructuras. Esto permite mejorar el proto-
colo de mantenimiento tradicional mediante la incor-
poración de tecnología avanzada en los procesos de
inspección aeronáutica.

Keywords: Robot, design, inspection, air intake,
fighter aircraft, locomotion, wheeled-legged
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1. Introduction

Currently, in the aeronautical industry, the optimal
performance of aircraft is ensured through specialized
maintenance protocols designed to uphold the highest
safety standards [1]. Among the critical components
addressed in these procedures are the air intakes. These
structures, characterized by their complex geometry,
contain multiple peripheral gates that redirect airflow
toward the engine, thereby enhancing the aircraft’s
overall performance [2] and [3].

In the Peruvian Air Force (FAP), accessing the air
intakes of fighter aircraft presents specific challenges
that complicate inspection tasks for maintenance per-
sonnel. This limitation can result in overlooked struc-
tural defects or the presence of foreign object debris
(FOD) [4], posing a significant risk of catastrophic in-
cidents, potential loss of life, and substantial material
damage with severe economic repercussions [5].

In the FAP, daily and weekly maintenance routines
include engine removal to facilitate thorough inspection
of the air intakes [6]. However, during preflight inspec-
tions, the available time is limited, and disassembling
the engine is impractical, which prevents technicians
from adequately inspecting the air intakes [7].

The use of periscopes as tools to visually access
hard-to-inspect areas of aircraft has been explored and
implemented within the FAP. However, their limited
reach and the complex geometry of the air intakes con-
tinue to pose a risk of undetected fuselage defects or
the presence of FOD [8,9]. Although these devices pro-
vide partial enhancements to maintenance protocols,
the possibility of missed faults during the preflight
phase remains.

On the other hand, advances in additive manufac-
turing technologies, such as 3D printing, have grown
significantly across various industrial sectors [10], par-
ticularly in robotics, where they enable the rapid and
cost-effective creation of complex designs for inspecting
hard-to-reach areas [11–15].

Similarly, robotics has been increasingly integrated
into aircraft maintenance processes. Notable examples
include the use of unmanned aerial vehicles (UAVs)
for aircraft inspections by the Spanish Air Force in
collaboration with Airbus [16]; the application of vor-
tex technology for inspecting fuselages and wings [17];
octopod robots capable of adhering to aircraft surfaces
to inspect rivets [18,19]; the development of continuum
robots that navigate cavities to inspect engines [20,21];
and modular robots designed to examine the interior
of wings and their internal structures [22].

Although these technologies have been explored
for general aircraft maintenance, they do not specifi-
cally address the inspection of air intakes, which are
confined spaces with complex geometries and limited
accessibility. Currently, there is a lack of studies and
experimental validation supporting the deployment of

robots within these structures.
To address this limitation, various locomotion tech-

nologies have been investigated for accessing air intakes,
including tracks, conventional wheels, adaptive designs,
omnidirectional systems, continuum robots, electro-
adhesive mechanisms, and unmanned aerial vehicles
(UAVs) [23]. Among these alternatives, wheeled-legged
locomotion technology stands out [24], as it combines
wheels and legs in mobile platforms, enabling stable
movement over irregular surfaces such as those found
inside air intakes.

This approach is supported by developments such
as the Centauro robot from the German Aerospace
Center (DLR), which employs a hybrid locomotion
system to operate on rough terrain during search and
rescue missions [25]; and the Roller Walker [26], which
combines wheels for movement on smooth surfaces with
articulated legs to overcome obstacles. However, none
of these systems have been designed for the deploy-
ment of hybrid robots within confined spaces inside
aircraft.

This study presents the implementation and evalu-
ation of the ALLQU robot, equipped with a wheeled-
legged locomotion system designed to optimize main-
tenance protocols by enabling access to and inspection
of air intakes. For its validation, three methodologi-
cal frameworks are employed: the NIST-ASTM test-
ing protocol for evaluating robots in complex environ-
ments [23]; the FAP POCHE maintenance protocol;
and the NASA TLX methodology, which analyzes op-
erator workload to assess the system’s usability, advan-
tages, and limitations within the operational context.

2. Materials and methods

2.1. Wheeled-Legged Robots

As illustrated in Figure 1, wheeled-legged robots com-
bine wheels and legs to enhance mobility across varied
terrains. These systems employ actuators that enable
switching between different locomotion modes depend-
ing on the terrain characteristics. However, this versa-
tility can increase operational complexity, an aspect
evaluated in this study using the NASA TLX method-
ology [27].

Figure 1. Wheeled-legged robot
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Some of the advantages and disadvantages of this
type of robot, as reported by Li et al. [27], are sum-
marized in Table 1.

In general, their adaptability and stability, defined

as the ability to maintain position and orientation
without tipping over or excessive slipping, make them
a suitable option for applications in hard-to-reach en-
vironments, such as the one addressed in this study.

Table 1. Examples of wheeled-legged robots

Previous work Characteristics

[28]

[29]

[30]
Advantages
High mobility
High stability
Great obstacle

avoidance capability

Disadvantages
High level of

control required

[31]

[32]

2.2. Study of the Work Environment

The air intake environment of the Mirage 2000, whose
structure is primarily composed of aluminum, was an-
alyzed. Its location is shown in Figure 2(a), and its
main components, including inlets, outlets, gates, and

critical sections, are mapped in Figure 2(b).

The air intake entrance has a height of 16 cm Figure
2(c), while the outlet, which connects to the compres-
sor area, has a diameter of 78 cm Figure 2(d). In one
critical section, the maximum recorded height is 14 cm.
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Peripheral Gate 1 features a drop of 12 cm, an opening
of 35 cm, and a slope of 30° Figure 2(e), whereas Gate2
has a height of 5 cm Figure 2(f).

Figure 2. Characteristics of the air intakes of Mirage 2000
fighter aircraft: (a) Location of the air intake on the fighter
aircraft. (b) Components of the air intake. (c) Section at
the air intake entrance. (d) Section at the air intake outlet.
(e) Peripheral Gate 1. (f) Peripheral Gate 2.

The preflight maintenance protocol for the Mirage
2000, as outlined in the POCHE manual, includes six
main components, which are shown in Figure 3. Among
these, the air intake, characterized by restricted access,
constitutes the primary focus of this study.

Maintenance includes inspecting the internal fuse-
lage, verifying that the gates are properly closed, and
ensuring the absence of FOD within the system.

The requirements of FAP technical personnel were
collected and analyzed through surveys and structured
interviews, using rating scales. The results were classi-
fied into two categories: technical requirements (dimen-
sions, reach, FOD detection, stability, maneuverability,
and speed) and economic requirements (cost and avail-
ability).

Interviews were conducted with three key groups of
FAP personnel involved in the inspection of air intakes:

1. Technicians responsible for the manual inspec-
tion of the aircraft.

2. Personnel responsible for the removal of foreign
objects.

3. Supervisors responsible for documenting and
recording inspection activities.

Figure 3. Preflight maintenance procedure for Mirage
2000 fighter aircraft.

The averages obtained from the surveys and inter-
views are presented in Table 2. The final score repre-
sents the mean value of both sources and is illustrated
in the bar chart in Figure 4.

The order of importance assigned to the eval-
uated criteria for the prototype design was as fol-
lows: Effectiveness (4.8), Reach (4.6), Maneuverability
(4.4), Adaptability (4.05), Dimensions (3.5), Availabil-
ity (3.4), Stability (2), Speed (1.15), and Cost (0).

Figure 4. Average scores from the written surveys and
interviews of FAP personnel

Table 2. Analysis of results from the written surveys and
interviews

Indicator
Average Overall

Written Interview Average
sruvey

Cost 0 0 0
Availability 3.3 3.5 3.4
Adaptability 3.8 4.3 4.05
Dimensions 3 4 3.5

Range 4.6 4.6 4.6
Effectiveness 4.8 4.8 4.8

Stability 4 0 2
Maneuverability 4.1 4.7 4.4

Speed 2.3 0 1.15
Note: The score ranges from 1 to 5 depending on

of growing importance.
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Based on the analysis of the air intake environ-
ment, the FAP’s preflight maintenance protocol, and
the results of surveys and interviews with technical
personnel, the requirements that the ALLQU robot
must meet were defined and are presented in Table 3.

Table 3. List of requirements

Characteristic Requirement

Main function
Inspection of the internal fuselage of the
air intakes and detection of FOD

Dimensioning
The size of the robot is based on
the critical section, with a height of up to
140 mm and a minimum length of 350 mm.

Mobility Movement throughout the interior of the
air intakes.

Adaptability The system must adapt to the shape of the
air intake.

Stability The robot must be stable throughout its
entire journey.

3. Results and discussion

3.1. Design, Construction, and Implementation
of a Robot with a Wheeled-Legged System

Based on the established requirements, the robot’s
dimensions are shown in Figure 5: a maximum height
of 140 mm, a width of 250 mm, and a length of 400
mm. The length slightly exceeds the 350 mm opening
of Peripheral Gate 1, ensuring that the robot can pass
through this section without the risk of jamming.

Figure 5. Conceptual dimensions of the robot relative
to the available space in the critical section of the Mirage
2000 fighter aircraft air intake

3.2. Design of the wheeled-legged system

The design and assembly of the ALLQU robot’s
mechanical components were performed using three-
dimensional modeling software, as illustrated in Figure
6. The design prioritizes compactness and adaptability,
which are essential for operationin confined spaces.

Figure 6. Three-dimensional assembly of the ALLQU
robot in SolidWorks.

A hybrid wheeled-legged locomotion system was
selected for its demonstrated ability to combine the
efficiency of wheels with the adaptability of legs. This
configuration enables the robot to contract and extend
its structure, ensuring stable and efficient movement
through the complex geometries of the air intakes,
including peripheral gates and critical sections.

To balance weight, strength, and functionality, 14
lightweight yet robust structural components were fab-
ricated using 3D printing. The final design has a total
weight of 1.350 kg and dimensions of 140 mm in height,
250 mm in width, and 400 mm in length, ensuring pre-
cise adaptation to the critical section, which has a
height of 14 cm and a 35 cm opening at Peripheral
Gate1.

This configuration was designed to maximize ma-
neuverability and access capability in restricted en-
vironments while balancing these attributes against
the inherent complexity of control and manufacturing
cost.

The robot comprises six main mechanical compo-
nents, as illustrated in Figure 7. It is equipped with
four rubber wheels, each with a radius of 22.5 mm,
which are mounted using the couplings shown in Figure
7(a) that connect them to the geared motors.

The structural legs, which support the motors, are
shown in Figure 7(b) and are attached to pivots, as
depicted in Figure 7(c), allowing movement via inde-
pendent servomotors. The chassis, shown in Figure
7(d), provides structural stability and overall support
for the assembly. The cover, shown in Figure 7(e), pro-
tects the servomotors and serves as a mount for the
electronic system, which is housed within the module
shown in Figure 7(f).



Mamani et al. / Implementation and evaluation of a wheeled-legged locomotion robot for optimizing the

preflight air intake inspection protocol of fighter aircraft 131

Figure 7. Three-dimensional modeling of the ALLQU
robot components in SolidWorks: (a) Wheel coupling, (b)
Leg, (c) Pivot structure, (d) Chassis, (e) Cover, (f) Elec-
tronics module

Two operational scenarios were evaluated in the
critical section of the system, as shown in Figure 8: the
robot’s entry with all four wheels on a 30° slope Figure
8(a), and its exit with two wheels on a flat surface
Figure 8(b).

With a mass of 1.35 kg and static and rolling fric-
tion coefficients of Cf = 0.74 and Cr = 0.005, respec-
tively, the required forces were calculated to be 6.679
N for ascending the incline and 0.066 N for movement
on a flat surface. Considering a wheel radius of 22.5
mm, the required torque was determined to be 0.038
Nm, which is below the maximum allowable limit of
0.052 Nm, thereby ensuring sufficient traction and
preventing slippage.

Figure 8. Free body diagram of the robot: (a) Inclined
at 30° with 4 wheels in contact, (b) Horizontal plane at 0°
with 2 wheels in contact

Table 4. Required torque values

Torques Description
Torque

Parameters (Nm)

Torque on motor
2 wheels in contact

Treq 0º = 0,002 Nmand inclination 0º.

of wheels required
4 wheels in contact

Treq 45º = 0,038 Nmor inclination 30º.

Maximum torque of
2 wheels in contact

Tmax.tractivo 0º = 0,104 Nmnd inclination 0º.

wheel tractions
4 wheels in contact

Tmax.tractivo 45º = 0,052 Nmand inclination 30º.

The robot’s movement was simulated in the crit-
ical section of the air intake (Figure 9). The simu-
lation confirmed that its dimensions, along with the
wheeled-legged system, allow it to traverse this section
effectively.

Figure 9. SolidWorks motion simulation of the robot in
the critical section of the air intake: (a) Robot entry, (b)
Robot exit.

Figure 9(a) shows the robot’s entry using only its
wheels, while Figure 9(b) depicts its exit using its legs.

3.3. Construction and implementation

The ALLQU robot was constructed in the manufac-
turing laboratory of the National University of San
Agustín de Arequipa, as shown in Figure 10. The design
includes a total of 14 structural components fabricated
using 3D printing, along with 4 wheel couplings, 4 legs,
2 pivots, 2 chassis structures, a cover, and a central
electronic module.

The robot is equipped with 4 high-grip rubber
wheels, coupled to 3–6 V DC gear motors. Each leg
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is driven by 4.8–7.2 V DC servomotors. Additionally,
it has 2 wireless cameras with integrated LED and
infrared lighting systems to facilitate inspections in
low-visibility environments.

Figure 10. Assembly of the ALLQU robot

The dimensions of the ALLQU robot and the Op-
erational Control Unit (OCU) are shown in Figure
11 and detailed in Table 5. These measurements were
recorded with the robot in its extended configuration,
as depicted in Figure 8(b). The resulting dimensions
enable effective maneuvering in confined spaces, such
as the air intakes of fighter aircraft.

Figure 11. ALLQU robot and Operational Control Unit
(OCU)

Table 5. Specifications of the ALLQU robot and THE
Operational Control Unit (OCU)

Characteristics Description Parameter

Robot characteristics

Robot weight 1,350 kg
Robot length 350 mm
Robot width 150 mm
Robot height 110 mm
Weight OCU 300 grams

Operator Control Unit length OCU 150 mm
(OCU) characteristics width OCU 175 mm

height OCU 40 mm

The robot’s structure, built from 3D-printed com-
ponents, is lightweight and durable, which enhances op-
erational efficiency. The integrated cameras, described
in Table 6, were specifically selected to enable record-
ing in low-light conditions, such as those inside the
Mirage 2000 air intake.

Table 6. Camera Characteristics

Description Parameter
Connectivity technology Wireless
Connectivity protocol Wifi

Camera weight 20 grams
Light source type LED e infrared

Power 15 watts

The assembled version of the ALLQU robot is
shown in Figure 12, which also illustrates the maxi-
mum angles that can be formed between the legs and
the body of the system. In Figure 12(a), an angle of
70° is observed when the legs are positioned below
the body. In Figure 12(b), angles of 25° between the
body and the front leg in the upward direction, and
15° between the body and the rear leg in the same
direction, are measured.

Figure 12. ALLQU robot with wheeled-legged locomotion
system: (a) Maximum angle between the body and the legs
in the downward position. (b) Maximum angles between
the body and the legs in the upward position

Table 7 presents the technical specifications of the
robot.
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Table 7. Especificaciones técnicas del robot

Characteristics Description
Type of locomotion Wheeled-Legged

Robot dimensions

Length: 350 mm
Width: 150 mm
Height: 110 mm

Robot weight 1,350 kg

Wheels
4 rubber wheels
Radius: 22,5 mm

Legs 4 servomotors
Inspection cameras 2 wireless cameras

Connectivity Wifi
Camera weight 20 g

Light source (camera) Infrared LED
Power (camera) 15W

OCU dimensions

Length: 150 mm
Width: 175 mm
Height: 40 mm

OCU weight 300 g

3.4. Analysis of the Test Setup and Testing
Methodology

This section describes the characteristics of the two
tests conducted on the ALLQU robot. The first test
evaluates the turning performance of the wheeled-
legged system and the camera’s effectiveness under
real operating conditions. The second test assesses
the overall performance of the wheeled-legged locomo-
tion system and the mental workload perceived by the
operator while controlling the robot.

3.4.1. Test of the turning effectiveness of the
wheeled-legged system and camera per-
formance

A ventilation duct was used, as shown in Figure 13 and
detailed in Table 8, to simulate a narrow space with
low lighting conditions. This environment enabled the
evaluation of the ALLQU robot’s turning capability
and the quality of the video captured by its camera.

Figure 13. Ventilation duct used for the tests

The test was repeated ten times, varying the angles
between the robot’s body and its legs. Subsequently,
the robot advanced toward the chart, capturing im-
ages at different distances, and then returned to the
starting point along the same path.

Table 8. Characteristics of the ventilation duct

Characteristics Value
Profile Circular
Length 1,83 m

Diameter 0,62 m
Surface material Steel

3.4.2. Test of the effectiveness of the wheeled-
legged locomotion system and analysis
of mental workload using NASA TLX

The test of the wheeled-legged locomotion system and
the operator’s mental workload was conducted at the
air base, specifically at the air intakes of the Mirage
2000. Due to the environmental conditions, there were
limitations on both the test range and the number of
trials performed. Details of the experimental environ-
ment are illustrated in Figure 14.

The evaluation included an analysis of displacement
effectiveness and travel time in the sections previously
identified in Figure 2: the two lateral air intakes and
the central intersection. Following the FAP’s POCHE
maintenance protocol, the robot was initially posi-
tioned at the right intake, moved toward the intersec-
tion, and then returned through the left intake.

Eight tests were conducted with four trained op-
erators. Subsequently, the NASA TLX methodology
was applied to assess the mental workload perceived
by the participants, taking into account factors such
as physical and mental effort, perceived performance,
frustration level, and the demands of the operational
environment.

Figure 14. Ventilation duct of the Mirage aircraft
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3.5. Results Analysis

This section presents the results obtained from the
tests conducted with the robot equipped with the
wheeled-legged locomotion system, as described previ-
ously.

3.5.1. Test of the turning effectiveness of the
wheeled-legged system and camera per-
formance

The turning effectiveness of the ALLQU robot and the
performance of the integrated camera were evaluated.
For the turning test, ten trials were conducted inside
the ventilation duct, using different angles between the
robot’s body and its legs oriented toward its underside.

The results are presented in Table 9, detailing the
robot’s turning performance under the described con-
ditions.

Table 9 shows that the ALLQU robot can perform
turns effectively when the angle between the body and
the legs exceeds 50°. However, it fails to complete a
turn at angles below 45° due to the physical constraints
of the test environment. The turning capability is di-
rectly influenced by the available space and becomes
increasingly limited in narrower areas.

Table 9. Results of the robot turning test

Angle between legs and body Turn achieved?
70° Yes
65° Yes
60° Yes
55° Yes
50° Yes
45° No
40° No
35° No
30° No
25° No

Figure 15 shows the test conducted using the
Snellen chart and an example of an image captured
by the robot’s camera. The visual acuity results from
this evaluation are summarized in Table 10.

Figure 15. ALLQU robot in the ventilation duct, per-
forming vision tests using a SNELLEN chart.

The visual acuity achieved by the robot’s camera
varied depending on the light source, distance, and use
of zoom. With LED lighting and at a distance of 0.4
m, an acuity of 20/12.5 was achieved, both with and
without zoom. At 1.5m , the acuity was 20/20 without
zoom, improving to 20/16 when zoom was activated,
demonstrating its effectiveness at greater distances.

Under infrared lighting at 0.4 m, the visual acuity
was likewise 20/12.5 in both cases. At 1.5 m without
zoom, a value of 20/16 was recorded, which remained
unchanged when zoom was applied.

These results indicate that the robot’s vision sys-
tem performs reliably at short distances, while the
use of zoom significantly enhances visual accuracy at
longer ranges. Overall, the system demonstrates ro-
bust adaptability to varying lighting conditions and
environments.

Table 10. Resultados de prueba de giro del robot

Light source type Distance Zoom Visual acuity Last letter

LED

0,4 m
No 20/12,5 P
Yes 20/12,5 P

1,5 m
No 20/20 P
Yes 20/16 E

Infrared

0,4 m
No 20/12,5 P
Yes 20/12,5 P

1,5 m
No 20/16 E
Yes 20/16 E
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3.5.2. Test of the effectiveness of the wheeled-
legged locomotion system and analysis
of mental workload using NASA TLX

A test consisting of eight runs performed by four op-
erators was conducted to evaluate the effectiveness
of the wheeled-legged locomotion system within the
air intakes of the Mirage 2000, following the POCHE
protocol established by the FAP. Figure 16 illustrates
the robot’s positions during the runs.

The results of this locomotion test, including sys-
tem effectiveness, distances traveled, and travel times,
are presented in Table 11.

The operation of the robot by four operators in
the air intakes of the Mirage 2000, as shown in Figure
17, was assessed using the NASA TLX methodology.
The results include the individual scores, the pairwise
comparison chart used to calculate the weighted score,
and the final ranking of mental workload.

Figure 16. ALLQU robot in the air intake of a Mirage
2000 fighter aircraft, conducting locomotion and inspection
tests: (a) Robot entering through the right air intake. (b)
Robot at the intersection. (c) Robot exiting through the
left air intake

Table 11. Locomotion test results in the air intake of a fighter aircraft

Air intake Distance Time Remarks
component Traveled

Right air intake 0,94 m 55,6 s The circuit was
Engine intersection 3,36 m 36,4 s completed in

Left air intake 0,94 m 48,7 s all 8 trials.

Figure 17. Operators preparing the tests

These results are presented in Tables 12, 13, and
14, respectively.

Table 12. NASA TLX methodology scores

Dimension Person
1

Person
2

Person
3

Person
4

Mental demand 12 20 10 20
Physical demand 4 20 5 17
Temporal demand 12 20 13 14

Performance 20 20 16 18
Effort 14 20 11 18

Frustration level 10 10 15 10

Table 12 shows that the perceived mental and phys-

ical workload varied among participants, with Person
2 reporting the highest values in most of the evalu-
ated categories. Temporal demands showed moderate
variation, while performance was consistently high,
particularly for Persons 1 and 2, who achieved the
maximum score of 20.

Effort and frustration levels also varied among op-
erators; however, frustration remained generally low.
Overall, these results indicate a high workload accom-
panied by a moderate emotional response from the
participants.

Table 13 presents the weighting values assigned to
each dimension of the NASA TLX index, reflecting
the perceived importance of each factor contributing
to workload. Temporal demand received the highest
relative weight, particularly for Person 1 (weight 5)
and Person 3 (weight 4), due to the times exceeding 30
seconds recorded in the critical sections of the route.

Mental demand also stood out, with Person 4 as-
signing it a weight of 4. Frustration had a greater
impact on Persons 3 and 4, while physical demand was
more significant for Persons 1 and 2.
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Table 13. Pairwise comparison chart

Dimension Person
1

Person
2

Person
3

Person
4

Mental demand 3 2 2 4
Physical demand 1 4 0 0
Temporal demand 5 4 4 1

Performance 4 1 2 3
Effort 2 1 3 4

Frustration level 0 3 4 3

Table 14 shows a high mental workload for most
participants, except for Person 3, who recorded a
medium level of 985 units. This difference is attributed
to the robot’s operation in the critical section, as il-
lustrated in Figure 2(b). The tests conducted in both
the ventilation duct and the Mirage 2000 validated
the operational performance of the ALLQU robot and
confirmed the user’s perception of cognitive workload.

Table 14. Mental workload

Level Person
1

Person
2

Person
3

Person
4

Low
Medium 985

High 1040 1350 1250

The robot demonstrated its capability to optimize
inspection time, reducing both aircraft downtime and
the need for highly specialized personnel. The stan-
dardized tests were conducted in two scenarios:

1. Turning and vision test, performed in a circular
steel ventilation duct with a diameter of 0.62
m and a length of 1.83 m under low-light con-
ditions. A Snellen chart was used to assess the
image quality captured by the robot’s camera.

2. Locomotion and mental workload test, carried
out in the air intakes of an operational Mirage
2000 fighter aircraft located in a FAP hangar.
This test evaluated the robot’s performance in
critical inlet geometries, such as sections with a
height of 16 cm and an outlet width of 78 cm, un-
der real field conditions defined by the POCHE
protocol.

4. Conclusions

This work presented the development and implemen-
tation of the ALLQU robot, equipped with a wheeled-
legged locomotion system, specifically designed to en-
hance preflight inspection of air intakes in fighter air-
craft. The robot demonstrated its effectiveness in nav-
igating and inspecting these confined structures, op-
timizing maintenance resources by reducing aircraft
downtime and the need for highly specialized personnel,
as validated through tests conducted in a controlled

ventilation duct and within the air intakes of an oper-
ational Mirage 2000 fighter aircraft.

The main findings of this study are summarized as
follows:

• The wheeled-legged locomotion system enabled
stable and reliable movement within all three
evaluated sections of the Mirage 2000, with av-
erage traversal times of 36.4 at the engine inter-
section and 52.15 s in the lateral air intakes.

• Turning capability in confined spaces was directly
dependent on the available area. In a duct with
a diameter of 0.62 m, turning was feasible only
when the body-to-leg angle exceeded 50°.

• The visual system, comprising optical sensors
with integrated LED and infrared lighting, de-
livered high visual acuity even under low-light
conditions. The optical zoom significantly en-
hanced resolution in areas with limited visibility.

The NASA TLX analysis indicated a high mental
workload, particularly in critical sections of the route
where operators were required to control multiple ele-
ments of the robot simultaneously.

The experimental results confirm the operational
feasibility of the ALLQU robot for air intake inspection
in fighter aircraft; however, certain technical limita-
tions were identified, including:

• Limited turning ability at angles below45°.

• Visual inspection limited to surface-level obser-
vation, with no subsurface detection.

• Limited operational autonomy due to current
battery capacity.

• Structural robustness not yet validated under
extreme environments (high temperatures, dust,
or vibrations).

• High cognitive load on the operator when ma-
neuvering in critical sections.

To address these limitations, future improvements
should focus on developing more agile control algo-
rithms, integrating non-destructive testing (NDT) sen-
sors, extending energy autonomy, validating structural
performance under diverse operational conditions, and
designing a more intuitive user interface to reduce the
operator’s mental workload.

Beyond its operational efficiency, the ALLQU robot
offers qualitative advantages over traditional methods.
It reduces the risks associated with manual inspection
in confined spaces and provides consistent, objective
visual records that improve traceability and support
long-term monitoring of potential structural anomalies.
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formation System for Scientific Journals of

Latin America, the Caribbean, Spain and Por-

tugal (Latindex), in the Directory of Journals

of Open Access DOAJ, In the Information Ma-

trix for the Analysis of Journals, MIAR, In

the Ibero-American Network of Innovation and

Scientific Knowledge, REDIB and in reposito-

ries, libraries and specialized catalogs of Latin

America.

The journal is published in a double version:

printed (ISSN: 1390-650X) and digital (e-ISSN:

1390-860X), in Spanish, each work being iden-

tified with a DOI (Digital Object Identifier

System. The articles sent to Ingenius maga-

zine must comply with the following criteria:

2. Scope and policy

2.1. Theme

Original contributions in Mechanical Engi-

neering, Electrical and Electronic Engineering,

Computer Science and its integration in what

is now known as Mechatronics, as well as re-

lated areas: Automation, Control, Domotics,

Robotics in their different fields of action and

all those related disciplines with the same cen-

tral theme.

All the work carried out by national or fo-

reign researchers may be published once they

meet the required scientific quality criteria.

2.2. Contributions

Ingenius Journal preferably publishes ar-

ticles related to empirical research, and also

reports of technological development, propo-

sals for models and innovations, products for

the elaboration of graduate and postgraduate

thesis that contribute to the field of science

and technology, as well as select revisions of

literature. (state-of-the-art).

Research: 5,000 to 6,500 words of text,

including title, abstracts, descriptors,

charts and references.

Reports: 5,000 to 6,500 words of text,

including title, abstracts, charts and refe-

rences.

Reviews: 6,000 to 7,000 words of text,

including charts and references. Current,

selective and justified references, would

be specially valued from among 40 works

The Ingenius Journal publishes original

and unpublished works written in Spanish and

English, they may not have been published
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through any printed or electronic media, nor

be in the process of arbitration or publication.

Every article will be subjected to a rigo-

rous arbitration process; the evaluation of the

article will be made according to criteria of

originality, relevance, relevance, contributions,

scientific rigor and compliance with established

editorial guidelines.

Being an arbitrated publication, the Edito-

rial Board approves its publication based on

the concept of specialized pairs. The reception

of a document does not imply commitment of

publication.

It is essential to present a letter of pre-

sentation and grant of rights which can be

downloaded from: <

urlhttps://goo.gl/ZNkMRD>.

Contributions must be exclusively sent

and through the OJS (Open Journal Sys-

tem) <https://goo.gl/JF7dWT>. In which

all authors must previously register as a user.

For any consultation of the procedure you

should contact:

<revistaingenius@ups.edu.ec>,

<jcalle@ups.edu.ec> ó

<mquinde@ups.edu.ec>.

To promote diversity in publications, the

author(s) may not publish more than one (1)

article per issue, nor in consecutive issues. In

order for the author(s) to submit their research

again to Ingenius, a minimum of 3 published

issues must have elapsed.

3. Presentation and structure of the ma-

nuscripts

For those works that are empirical in-

vestigations, the manuscripts will follow the

IMRDC structure (Introduction, Materials and

Methods, Results and Discussion and Conclu-

sions), being optional the Notes and Supports.

Those papers that, on the contrary, deal with

reports, studies, proposals and reviews may be

more flexible in their epigraphs, particularly

in material and methods, analysis, results, dis-

cussion and conclusions. In all typologies of

works, references are mandatory.

Articles may be written on Microsoft Word

(.doc or .docx) or LATEX(.tex). The template to

be used can be downloaded from the journal’s

website, a, <https://goo.gl/gtCg6m>, whi-

le for LATEX in <https://goo.gl/hrHzzQ>,

it is necessary that the file be anonymised in

Properties of File, so that the author(s) ID is

not displayed.

Figures, Graphs and/or Illustrations, as

well as Charts shall be numbered sequentially

including an explanatory description for each.

The equations included in the article must also

be numbered; the figures, charts and equations

must be cited in the text.

Use space after point, commas and question

marks.

Use “enter” at the end of each paragraph

and title heading. Do not use .enter.anywhere

else, let the word processor program automa-

tically break the lines.

Do not center headings or subheadings as

they should be aligned to the left.

Charts must be created in the same pro-

gram used for the document body, but must be

stored in a separate file. Use tabs, not spaces,

to create columns. Remember that the final

size of printed pages will be 21 x 28 cm, so the

tables must be designed to fit the final print

space.

3.1. Structure of the manuscripts

3.1.1. Presentation and cover letter

1. T́ıtulo (español) / Title (inglés): Con-

cise but informative, in Spanish on the

front line and in English on the second,

when the article is written in Spanish and

vice versa if it is written in English.
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2. Authors and affiliations: Full name

and surname of each author, organized

by order of priority and their institutio-

nal affiliation with reference to the end

of the first sheet, where it must include:

Dependency to which belongs within the

institution, Institution to which he/she

belongs, country, ORCID. A maximum

of 5 authors will be accepted, although

there may be exceptions justified by the

complexity and extent of the topic.

3. Abstract (Spanish) / Abstract (En-

glish): It will have a maximum extension

of 230 words, first in Spanish and then in

English. : 1) Justification of the topic; 2)

Objectives; 3) Methodology and sample;

4) Main results; 5) Main conclusions.

4. Keywords (Spanish) / Keywords

(English): 6 descriptors must be presen-

ted for each language version directly re-

lated to the subject of the work. The use

of the key words set out in UNESCO’s

Thesaurus will be positively valued.

5. Presentation (Cover Letter): A state-

ment that the manuscript is an original

contribution, not submission or evalua-

tion process in another journal, with the

confirmation of the signatory authors, ac-

ceptance (if applicable) of formal changes

in the manuscript according to the guideli-

nes and partial assignment of rights to the

publisher, according to the format esta-

blished in: <https://goo.gl/ZNkMRD>

3.1.2. Manuscript

1. T́ıtulo (español) / Title (inglés): Con-

cise but informative, in Spanish on the

front line and in English on the second,

when the article is written in Spanish and

vice versa if it is written in English.

2. Authors and affiliations: Full name

and surname of each author, organized

by order of priority and their institutio-

nal affiliation with reference to the end

of the first sheet, where it must include:

Dependency to which belongs within the

institution, Institution to which he/she

belongs, country, ORCID. A maximum

of 5 authors will be accepted, although

there may be exceptions justified by the

complexity and extent of the topic.

3. Abstract (Spanish) / Abstract (En-

glish): It will have a maximum extension

of 230 words, first in Spanish and then in

English. : 1) Justification of the topic; 2)

Objectives; 3) Methodology and sample;

4) Main results; 5) Main conclusions.

4. Keywords (Spanish) / Keywords

(English): 6 descriptors must be presen-

ted for each language version directly re-

lated to the subject of the work. The use

of the key words set out in UNESCO’s

Thesaurus will be positively valued.

5. Introduction: It should include the pro-

blem statement, context of the problem,

justification, rationale and purpose of the

study, using bibliographical citations, as

well as the most significant and current

literature on the topic at national and

international level.

6. Material and methods: It must be writ-

ten so that the reader can easily unders-

tand the development of the research. If

applicable, it will describe the methodo-

logy, the sample and the form of sampling,

as well as the type of statistical analysis

used. If it is an original methodology, it

is necessary to explain the reasons that

led to its use and to describe its possible

limitations.

7. Analysis and results: It will try to high-

light the most important observations,

describing, without making value judg-

ments, the material and methods used.

They will appear in a logical sequence
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in the text and the essential charts and

figures avoiding the duplication of data.

8. Discussion and Conclusions: It will

summarize the most important findings,

relating the observations themselves to

relevant studies, indicating contributions

and limitations, without adding data al-

ready mentioned in other sections. It

should also include deductions and lines

for future research.

9. Supports and acknowledgments (op-

tional): The Council Science Editors re-

commends the author (s) to specify the

source of funding for the research. Prio-

rity will be given to projects supported

by national and international competitive

projects.

10. The notes (optional): will go, only if

necessary, at the end of the article (before

the references). They must be manually

annotated, since the system of footnotes

or the end of Word is not recognized by

the layout systems. The numbers of notes

are placed in superscript, both in the text

and in the final note. The numbers of no-

tes are placed in superscript, both in the

text and in the final note. No notes are

allowed that collect simple bibliographic

citations (without comments), as these

should go in the references.

11. References: Bibliographical citations

should be reviewed in the form of referen-

ces to the text. Under no circumstances

should references mentioned in the text

not be included. Their number should be

sufficient to contextualize the theoretical

framework with current and important

criteria. They will be presented sequen-

tially in order of appearance, as appro-

priate following the format of the IEEE.

3.2. Guidelines for Bibliographical

references

Journal articles:

[1] J. Riess, J. J. Abbas, “Adaptive control of

cyclic movements as muscles fatigue using

functional neuromuscular stimulation”.

IEEE Trans. Neural Syst. Rehabil. Eng

vol. 9, pp.326–330, 2001. [Onine]. Availa-

ble: https://doi.org/10.1109/7333.948462

Books:

[1] G. O. Young, “Synthetic structure of in-

dustrial plastics” in Plastics, 2nd ed., vol.

3, J. Peters, Ed. New York: McGraw–Hill,

1964, pp. 15–64.

Technical reports:

[1] M. A. Brusberg and E. N. Clark, “Ins-

tallation, operation, and data evaluation

of an oblique–incidence ionosphere soun-

der system,” in “Radio Propagation Cha-

racteristics of the Washington–Honolulu

Path,” Stanford Res. Inst., Stanford, CA,

Contract NOBSR–87615, Final Rep., Feb.

1995, vol. 1

Articles presented in confeences (unpubished):

[1] Vázquez, Rolando, Presentación curso

“Realidad Virtual”. National Instruments.

Colombia, 2009.

Articles of memories of Conferences

(Published):

[1] L. I. Ruiz, A. Garćıa, J. Garćıa, G. Ta-

boada. “Criterios para la optimización de

sistemas eléctricos en refineŕıas de la in-

dustria petrolera: influencia y análisis en

el equipo eléctrico,” IEEE CONCAPAN

XXVIII, Guatemala 2008.

Thesis:

[1] L.M. Moreno, “Computación paralela y

entornos heterogéneos,” Tesis doctoral,

Dep. Estad́ıstica, Investigación Operativa

y Computación, Universidad de La Lagu-

na, La Laguna, 2005.
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[1] IEEE Guide for Application of Power

Apparatus Bushings, IEEE Standard

C57.19.100–1995, Aug. 1995.

Patents:

[1] J. P. Wilkinson, “Nonlinear resonant cir-

cuit devices,” U.S. Patent 3 624 125, July

16, 1990.

Manuals:

[1] Motorola Semiconductor Data Manual,

Motorola Semiconductor Products Inc.,

Phoenix, AZ, 1989.

Internet resources:

[1] E. H. Miller, “A note on re-

flector arrays” [Online]. Available.

https://goo.gl/4cJkCF

3.3. Epigraphs, Figures and Charts

The epigraphs of the body of the article

will be numbered in Arabic. They should go

without a full box of capital letters, neither

underlined nor bold. The numbering must be

a maximum of three levels: 1. / 1.1. / 1.1.1.

At the end of each numbered epigraph will be

given an enter to continue with the correspon-

ding paragraph.

The charts must be included in the text

according to order of appearance, numbered

in Arabic and subtitled with the description

of the content, the subtitle should go at the

top of the table justified to the left.

Figures can be linear drawings, maps or

black and white halftone or color photographs

in 300 dpi resolution. Do not combine photo-

graphs and line drawings in the same figure.

Design the figures so that they fit even-

tually to the final size of the journal 21 x

28 cm. Make sure inscriptions or details, as

well as lines, are of appropriate size and thick-

ness so that they are not illegible when they

are reduced to their final size (numbers, let-

ters and symbols must be reduced to at least

2.5 mm in height After the illustrations have

been reduced to fit the printed page). Ideally,

the linear illustrations should be prepared at

about a quarter of their final publication size.

Different elements in the same figure should

be spelled a, b, c, etc.

Photographs should be recorded with high

contrast and high resolution. Remember that

photographs frequently lose contrast in the

printing process. Line drawings and maps

should be prepared in black.

The text of the figures and maps must be

written in easily legible letters.

If the figures have been previously used, it

is the responsibility of the author to obtain the

corresponding permission to avoid subsequent

problems related to copyright.

Each figure must be submitted in a sepa-

rate file, either as bitmap (.jpg, .bmp, .gif, or

.png) or as vector graphics (.ps, .eps, .pdf).

4. Submission process

The manuscript must be sent through the

OJS system of the journal, <https://goo.

gl/JF7dWT>,the manuscript should be uploa-

ded as an original file in .pdf without author

data and anonymized according to the above;

In complementary files the complete manus-

cript must be loaded in .doc or .docx (Word

file), that is to say with the data of the author

(s) and its institutional ascription; Also the

numbered figures should be uploaded in inde-

pendent files according to the corresponding

in the manuscript (as bitmap .jpg, .bmp, .gif,

or .png or as vector graphics .ps, .eps, .pdf).

It is also obligatory to upload the cover letter

and grant of rights as an additional file.

All authors must enter the required informa-

tion on the OJS platform and only one of the

authors will be responsible for correspondence.

Once the contribution has been sent the

system will automatically send the author for

correspondence a confirmation email of receipt
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of the contribution.

5. Editorial process

Once the manuscript has been received in

OJS, a first check by the editorial team of the

following points:

The topic is in accordance with the crite-

ria of the journal.

Must have the IMRDC structure.

Must be in the Ingenius format.

Must use the IEEE citation format.

All references should be cited in the text

of the manuscript as well as charts, figures

and equations.

The manuscript is original; for this, soft-

ware is used to determine plagiarism.

The assessment described above can take

up to 4 weeks.

If any of the above is not complete or there

is inconsistency, an email will be sent to the

author to make the requested corrections.

The author will make the corrections and re-

send the contribution through an email in res-

ponse to the notification and will also upload

the corrected manuscript into OJS supplemen-

tary files.

The editorial team will verify that the re-

quested corrections have been incorporated,

if it complies, the manuscript will start the

second part of the process that may be follo-

wed by the author through OJS, otherwise the

author will be notified and the manuscript will

be archived.

The second phase of the process consists

of the evaluation under the methodology of

double-blind review, which includes national

and foreign experts considering the following

steps:

The editor assigns two or more reviewers

for the article.

After reviewing the article, the reviewers

will submit the evaluation report with one

of the following results.

� Publishable

� Publishable with suggested changes

� Publishable with mandatory changes

� Non publishable

The editor once received the evaluation

by the reviewers will analyze the results

and determine if the article is accepted

or denied.

If the article is accepted, the author will

be notified to make corrections if required

and the corresponding editorial process

will be continued.

If the article is denied, the author will

be notified and the manuscript will be

archived.

In the two previous cases the result of

the evaluation of the reviewers and their

respective recommendations will be sent.

The second phase of the process lasts at

least 4 weeks, after which they will be notified

to the author giving instructions to continue

with the process.

6. Publication

The Ingenius Journal publishes two issues

per year, on January 1st and July 1st, so it is

important to consider the dates for sending the

articles and their corresponding publication.

Articles received until October will be consi-

dered for the January publication and those

received until April for the July publication.

7. Information on the Use of Artificial

Intelligence

Should artificial intelligence be used at any

stage of the research presented in the article,

authors are required to clearly highlight this

in the cover letter associated with the article,

specifying the section or sections where artifi-

cial intelligence has been used. The purpose
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of this requirement is to inform readers about

the sections where this technology has been

employed, providing greater transparency and

understanding of its application in the presen-

ted research.

INGENUS, Revista de Ciencia y Tecnolo-

gia, recognizes the importance of maintaining

high ethical standards in scientific research,

particularly in the use of artificial intelligence

(AI).

The decision to accept a publication that

has utilized artificial intelligence rests at the

discretion of the editorial team.
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