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Abstract

La incorporacion de tecnologias emergentes en el ambito educativo ha propiciado cambios
sustanciales en las metodologias pedagdgicas, particularmente en las disciplinas de Ciencia,
Tecnologia, Ingenieria y Matematicas (STEM, por sus siglas en inglés), donde los conceptos
teoricos complejos suelen constituir retos para el aprendizaje. Dentro de este marco, en la
ultima década, las simulaciones visuo-hapticas han emergido como un instrumento
prometedor para potenciar la participacion y comprension estudiantil mediante la integracion
de experiencias de aprendizaje multimodales. Esta tendencia se ubica dentro del paradigma
de la Educacion 4.0, que fomenta la digitalizacion del aprendizaje a través de tecnologias de
vanguardia, con el objetivo de capacitar a los estudiantes para los desafios inherentes del
mundo laboral. Bajo esta perspectiva, las simulaciones visuo-hapticas no solo promueven la
comprension conceptual, sino que también estimulan competencias fundamentales como la

interaccion con ambientes virtuales y la resolucion de problemas en contextos dindmicos.

Este estudio explora la influencia de los simuladores visuo-hapticos en la comprension de la
fisica clasica. El proposito de la investigacion fue evaluar la usabilidad, eficacia y valor
educativo percibido de estas simulaciones como complemento a la ensefianza tradicional. Se
desarrollaron tres modelos de simulacion visuo-haptica empleando el motor Unity3D vy el
dispositivo haptico Novint Falcon: friccién en una superficie plana, equilibrio de fuerzas en
una balanza y equilibrio de fuerzas en una competencia de tira y afloja. Posteriormente, un
conjunto de alumnos de ingenieria de pregrado participo en sesiones experimentales en las
que interactuaron con dichas simulaciones. Se emple6 una version modificada de la Encuesta
de Satisfaccion de Computacion para Usuarios Finales, desarrollada por Doll y Torkzadeh,
con el objetivo de recolectar datos referentes a las percepciones de los estudiantes respecto a
la usabilidad, precision y efectividad. Los datos recolectados mediante respuestas en la escala
Likert y comentarios abiertos fueron sometidos a andlisis con el objetivo de detectar

tendencias en la participacion, comprension y potenciales areas de mejora.

Los hallazgos sefialan una respuesta sumamente favorable hacia las simulaciones visuales-
hapticas, con estudiantes que manifestaron una comprension mas profunda de los conceptos
abstractos de la fisica en comparacion con los métodos de aprendizaje convencionales. La
integracion de la retroalimentacion kinestésica en combinacion con representaciones visuales

ofrecid un instrumento intuitivo para explorar las interacciones de fuerzas y la dindmica de



friccion. Las métricas de usabilidad destacaron la eficacia de las simulaciones para
proporcionar retroalimentacion interactiva en tiempo real, promoviendo asi el aprendizaje
activo. Sin embargo, los resultados también indicaron areas de mejora, especialmente en la
ampliacion de la cobertura de contenidos y en la optimizacidon de las representaciones

graficas para una experiencia mas inmersiva.

Pese a los resultados obtenidos, la investigacion identifico ciertas restricciones, tales como
la necesidad de evaluaciones longitudinales para cuantificar la retencion del conocimiento a
largo plazo. Investigaciones subsecuentes se orientaran hacia la expansion del alcance de las
simulaciones para abarcar una mayor variedad de temas de fisica y llevar a cabo
comparaciones controladas con métodos pedagdgicos tradicionales. No obstante, este estudio
permitié6 demostrar la efectividad de las simulaciones visuo-hépticas para promover la
comprension conceptual y la participacion estudiantil. Finalmente, los hallazgos de este
estudio pueden ofrecer opiniones valiosas para educadores y disefiadores pedagdgicos que
aspiran a integrar tecnologias emergentes en sus practicas pedagogicas, promoviendo de esta
forma el desarrollo de ambientes de aprendizaje mas eficaces e inmersivos en el ambito de

la educacion superior.



Introduccion

El avance tecnoldgico ha inducido una transformacion sustancial en el campo educativo,
dando lugar a nuevos enfoques pedagdgicos orientados a optimizar la ensefianza y el
aprendizaje. En este contexto, el concepto de Educacion 4.0 ha emergido como una evolucion
natural de las metodologias tradicionales. Este nuevo paradigma promueve la integracion de
tecnologias para el desarrollo de competencias y habilidades alineadas con las exigencias del
siglo XXI (Miranda et al., 2021). A su vez, la Educacién 4.0 ha propiciado un incremento en
el interés por la implementacion de instrumentos interactivos que promuevan experiencias
de aprendizaje mas dindmicas y eficaces, especialmente en disciplinas que demandan la

comprension de conceptos abstractos (Salinas-Navarro et al., 2023).

Las simulaciones visuo-hapticas han adquirido relevancia como una estrategia innovadora
para la ensefianza en dreas STEM (Ciencia, Tecnologia, Ingenieria y Matematicas) (Cecilia
Kikilia Tsoukala, 2021; Hatira & Sarac, 2024). Estos ambientes integran elementos visuales
con retroalimentacion tactil, permitiendo a los usuarios interactuar mds inmersiva y
significativa con modelos digitales. Estudios previos han demostrado que el aprendizaje
multimodal, que involucra multiples canales sensoriales, favorece y promueve una retencion
del conocimiento mas efectiva y una comprension mas profunda de conceptos teoricos

(Fouad et al., 2023).

La ensenanza de la fisica clasica ha enfrentado historicamente desafios relacionados con la
abstraccion de sus principios fundamentales (Lestari et al., 2021). Conceptos como la
friccion, el equilibrio de fuerzas y el movimiento requieren representaciones dindmicas que
permitan a los estudiantes visualizar y experimentar sus efectos en contextos reales. A pesar
de que los laboratorios fisicos han desempefiado un papel crucial en la educacion tradicional,
su disponibilidad esta limitada por factores como el costo de los equipos y materiales, la
inversion necesaria para su implementacion y mantenimiento, la disponibilidad de espacios
adecuados para su instalacion y la posibilidad de acceso por parte de los estudiantes fuera del
horario de clases. Por tales motivos, las simulaciones computacionales han surgido como una
alternativa viable para complementar la ensefianza de la fisica al proporcionar entornos de
aprendizaje interactivos y accesibles para un mayor nimero de estudiantes (Walsh &

Magana, 2023).



No obstante, la mayoria de las simulaciones existentes utilizan Unicamente elementos
visuales, omitiendo la retroalimentaciéon héaptica como un canal sensorial esencial para
reforzar la comprension conceptual (Tennison et al.,, 2021). Por ende, la integracion de
dispositivos hapticos en la educacion puede permite a los estudiantes percibir fuerzas en
tiempo real y permitiria mejorar sus capacidades de asociar representaciones teoricas con

experiencias sensoriales tangibles.

Motivacion

En la educacion superior existe una necesidad creciente de transformar e innovar en los
métodos de ensefianza para adaptarse a las expectativas, necesidades y estilos de aprendizaje
de los estudiantes (Mukul & Biiyiikozkan, 2023). Tradicionalmente, la educacion se ha
basado en la transmision pasiva y unidireccional del conocimiento, un modelo que presenta
limitaciones para mantener el interés de los estudiantes y fomentar una comprension
profunda de conceptos complejos. La adopcion de tecnologias interactivas como las
simulaciones visuo-hapticas podria constituir una estrategia innovadora para optimizar la

ensenanza en disciplinas que requieren experimentacion y visualizacion.

La metodologia del aprendizaje basado en la interacciéon con entornos virtuales ha
demostrado ser un enfoque efectivo para mejorar la motivacion y el rendimiento académico
de los estudiantes (Chernikova et al., 2020). La posibilidad de manipular objetos virtuales y
experimentar fendmenos fisicos a través de la retroalimentacion haptica permite generar
experiencias mas alineadas con la realidad y promover la construccion activa del
conocimiento. Ademads, la disponibilidad de plataformas de simulacion y dispositivos
hapticos de bajo costo ha permitido que estas tecnologias sean consideradas como
alternativas educativas en diversos grados académicos (Noguez et al., 2021). Esto reduce la
dependencia de laboratorios fisicos costosos, amplia las oportunidades de aprendizaje
practico para una mayor cantidad de estudiantes y favorece el acceso a experiencias de

aprendizaje de alta calidad.

Otro aspecto clave de este tipo de tecnologia es su capacidad de personalizacion (Perrone et
al., 2024). Los estudiantes pueden adaptar su ritmo de aprendizaje y explorar conceptos a

través de experiencias practicas repetitivas sin las limitaciones del tiempo y los recursos



fisicos. Asimismo, la introduccion de metodologias innovadoras en la educacion STEM
contribuye al desarrollo de habilidades clave para la era digital (Bergdahl et al., 2020;
Kalyani, 2024). La interaccion con simulaciones avanzadas no solo permite comprender
mejor los principios fisicos, sino que también fomenta competencias tecnologicas y analiticas
que resultan fundamentales en el &mbito profesional actual. Finalmente, la flexibilidad de las
simulaciones visuo-hapticas podria contribuir a una ensefianza mas centrada en el estudiante

y facilitar una mayor autonomia y autoeficacia en el proceso de aprendizaje.

El presente estudio busca evaluar la usabilidad, efectividad y valor educativo percibido por
estudiantes de ingenieria como complemento a la ensefianza tradicional. A través del disefio
y desarrollo de tres simulaciones, se pretendid analizar su efectividad en la mejora de la

comprension conceptual y en la experiencia de aprendizaje de los estudiantes.

Propuesta de Trabajo

Este estudio plante6 el desarrollo y la evaluacion de simulaciones visuo-héapticas como una
herramienta complementaria para la ensefianza de conceptos fundamentales de la fisica
clasica en estudiantes de ingenieria. Se seleccionaron tres escenarios que son relevantes en
el aprendizaje de la fisica: la friccion en una superficie plana, el equilibrio de fuerzas en una
balanza y el equilibrio de fuerzas en una competencia de tira y afloja. Ademads, estos
escenarios fueron elegidos debido a su potencial para ser mejor comprendidos a través de la

interaccion héptica y abordan conceptos que suelen representar desafios para los estudiantes.

El desarrollo de las simulaciones se realizd empleando el motor de graficos Unity3D y
dispositivos hapticos Novint Falcon. Se implementaron modelos fisicos detallados que
representaban de manera realista las interacciones de fuerzas y movimientos involucrados en
cada escenario. Finalmente, cada simulacion integr6 una interfaz grafica intuitiva que facilito
la manipulacion de los pardmetros de simulacion, asegurando una experiencia de usuario

fluida y accesible.

Durante la fase de pruebas, se llevd a cabo un estudio experimental con un grupo de
estudiantes de ingenieria de pregrado. Los participantes interactuaron con las simulaciones
en sesiones programadas, en las cuales se les permitié explorar los entornos visuo-hapticos

y realizar tareas especificas relacionadas con la comprension de los conceptos fisicos



abordados. La recopilacion de datos se realizé mediante una version adaptada de la Encuesta
de Satisfaccion de Computacion para Usuarios Finales de Doll y Torkzadeh, con el objetivo
de evaluar la usabilidad, precision y efectividad percibida de las simulaciones.

Los resultados obtenidos reflejaron una alta aceptacion de los simuladores por parte de los
estudiantes, quienes manifestaron una mejora en la comprension de los conceptos
presentados y destacaron la utilidad de la retroalimentacion héptica para reforzar la relacion
entre la teoria y la experimentacion. Ademas, se identificaron oportunidades de mejora en la
interfaz grafica y en la optimizacion de la respuesta haptica para ciertos escenarios

especificos.

Objetivos

El objetivo principal de esta investigacion fue evaluar el impacto de las simulaciones visuo-
héapticas en la usabilidad, efectividad y valor educativo percibido en la comprension
conceptual de la fisica clasica por parte de estudiantes de ingenieria. Para ello, se plantearon

los siguientes objetivos especificos:

e Disefiar y desarrollar tres simulaciones visuo-hapticas que representen fendmenos
fisicos clave: friccion en una superficie plana, equilibrio de fuerzas en una balanza y
equilibrio de fuerzas en una competencia de tira y afloja.

e [Evaluar la percepcion de los estudiantes respecto a la utilidad de la retroalimentacion
héptica para mejorar su aprendizaje y comprension de los conceptos fisicos.

e Identificar oportunidades de mejora en el disefio de las simulaciones para optimizar

la experiencia del usuario y la precision de la retroalimentacion héptica.

Hipotesis
A partir del planteamiento del problema y los objetivos definidos, se establecen las siguientes

hipotesis de investigacion:

HI: La interacciébn con simulaciones visuo-hépticas incrementa la motivacion y el

compromiso de los estudiantes con el aprendizaje de la fisica clasica.

Por lo cual, las siguientes preguntas de investigacion fueron propuestas:



e ;Como influye la tecnologia visuo-haptica en la participacion de los estudiantes y en

su percepcion del aprendizaje de conceptos fundamentales de fisica?

e ;Cudles son las percepciones de los estudiantes respecto a la intuicion y el potencial

educativo de los simuladores visuo-hapticos?

e ;Qué¢ informacién util puede derivarse de las interacciones y comentarios de los

estudiantes al interactuar con estas simulaciones?

Estructura de la Tesis

La estructura de la tesis se compone de cinco secciones principales. En la Introduccion, se
presenta el contexto general de la investigacion, la relevancia del problema abordado y los
objetivos que guian el estudio. Posteriormente, el Articulo de Investigacion expone en detalle
la metodologia empleada, incluyendo el disefio experimental, los participantes, los
instrumentos de recoleccion de datos y el desarrollo de los simuladores, ademas de los
resultados obtenidos tras las pruebas con los estudiantes. En la seccion de Discusion y
Conclusion, se sintetizan los principales aportes de la investigacion, se discuten sus
implicaciones educativas y se proponen lineas de trabajo futuras para seguir explorando el

uso de simulaciones visuo-hapticas en la ensefianza de la fisica clasica.
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Introduction: The teaching process plays a crucial role in the training
of professionals. Traditional classroom-based teaching methods, while
foundational, often struggle to effectively motivate students. The integration
of interactive learning experiences, such as visuo-haptic simulators, presents an
opportunity to enhance both student engagement and comprehension.

Methods: In this study, three simulators were developed to explore the impact
of visuo-haptic simulations on engineering students’ engagement and their
perceptions of learning basic physics concepts. The study used an adapted end-
user computing satisfaction questionnaire to assess students’ experiences and
perceptions of the simulators’ usability and its utility in learning.

Results: Feedback from participants suggests a positive reception towards the
use of visuo-haptic simulators, highlighting their usefulness in improving the
understanding of complex physics principles.

Discussion: Results suggest that incorporating visuo-haptic simulations into
educational contexts may offer significant benefits, particularly in STEM courses,
where traditional methods may be limited. The positive responses from
participants underscore the potential of computer simulations to innovate
pedagogical strategies. Future research will focus on assessing the effectiveness
of these simulators in enhancing students’ learning and understanding of these
concepts in higher-education physics courses.

KEYWORDS

classical physics, visuo-haptic simulators, educational innovation, higher education,
science education

1 Introduction

The field of education is currently experiencing a significant transformation known
as Education 4.0, aligned with the ongoing Industrial Revolution World Economic Forum
(2020). The current trend in education emphasizes a shift from traditional, teacher-
centered approaches towards more customized, learner-driven practices (UNESCO, 2023).

01 frontiersin.org
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Simultaneously, technological advancements have shown the
necessity for educational approaches that not only enrich
learning experiences but also develop a deeper comprehension of
complex concepts.

Modern technologies, especially those incorporating haptic
feedback and embodied learning, are central to the aforementioned
revolution. By integrating multi-modal experiences, these
technologies have the potential to significantly enhance educational
environments, thereby improving the learning processs overall
quality. According to McLinden et al., the presence of receptors
spread throughout our skin and the rest of our bodies makes
the sense of touch an effective tool for gathering information
Mclinden etal. (2019). When engaging in active touch, a
dynamic interaction exists between our kinesthetic system and
the surrounding environment. This interaction fulfills three
fundamental functions: a) acquiring information about the
environment; b) recognizing textures, rigidity, and contours; and
) recognizing related characteristics of objects, such as shape and
weight Lederman and Klatzky (2009).

While studies have explored the potential of multi-modal
technologies in education, there remains a gap in understanding the
full impact of these technologies on students’ cognitive processes
and learning experiences (Nerietal, 2015; Shaikhetal,, 2017;
Yuksel et al., 2017; Neri et al., 2018; Neri et al., 2020; Walsh et al.,
2020; Walsh and Magana, 2023). This underlines the importance of
further research into how visuo-haptic simulations can be optimized
during their development to support and implement effective
learning strategies.

This work presents the design and development of three visuo-
haptic simulators aimed at teaching classical physics concepts.
Through interactive engagement, these simulators allow students to
explore and physically experience forces, enhancing their learning
experience. The objective of this study is to evaluate the usability
of these simulators and understand students’ perceptions of their
educational value. To this end, the following research questions were
proposed:

1. How does visuo-haptic technology influence students’
engagement and perception of learning fundamental
physics concepts?

. What are students perceptions regarding the intuitiveness and
educational potential of visuo-haptic simulators?

. What useful information can be derived from students’
interactions and feedback when engaging with these
simulations?

To address these questions, the end-user computer satisfaction
survey, proposed by Doll and Torkzadeh (1988), was adapted to
assess the usability and perceived educational effectiveness of the
simulators. This adaptation aims not only to assist educators in
designing multi-modal learning scenarios but also to establish a
framework for evaluating the impact of these technologies on the
learning experience.

This article is structured as follows: The related work is
presented in Section 2.
methods employed in the study. Sections4 and 5 present the
results and discussions related to the design and implementation
of the simulators, according to the feedback and outcomes of
the questionnaire, respectively. Finally, Section 6 outlines the

Section 3 provides the materials and
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study’s conclusions, key observations, and potential directions for
future research.

2 Related work

Classical physics refers to the theories and principles that
describe the physical universe’s various phenomena in terms of a
handful of fundamental laws and concepts. These classical concepts
form a foundational framework that effectively explains a wide range
of macroscopic events and phenomena society observes daily. Due
to the nature of physics as a fact-based science, students need to
interact in some way with the natural phenomena they wish to
describe. However, analyzing these phenomena in the classroom is
not always feasible.

Hence, the addition of multi-modal interactions has allowed
the development of enhanced teaching and learning models.
The idea of embodied cognition plays an essential role in this
progress. It is a paradigm that considers all forms of human
knowledge and cognition “embodied”, as they are acquired through
bodily experiences (Mahon and Caramazza, 2008; Maggio et al.,
2022). Recent advancements in e-learning courses and Technology
Enhanced Learning (TEL) methodologies have experienced an
increase in recent years within the fields of Science, Technology,
Engineering, and Mathematics (STEM), serving as additional
resources to traditional classroom lectures, and they aid students in
developing their problem-solving abilities and critical and creative
thinking (Park et al., 2010).

According to Taljaard, multi-modal technologies are rapidly
gaining attention as effective and novel methods for improving
educational practices Taljaard (2016). As a result, there has been
a significant surge in the development of educational simulators
and learning platforms centered on physics concepts. The Coriolis
effect is the way a moving object seems to deviate when seen from
a rotating point of reference. Hamza-Lup and Page created a visuo-
haptic simulation to explain this effect Hamza-Lup and Page (2012).
The simulator allowed participants to manipulate a ball from a
rotating surface. Furthermore, the simulation offered participants
a synchronized perspective of the rotational movement following
the surface. Despite encountering difficulties in navigating the ball
during their initial interactions, the majority of participants later
perceived the controls to be intuitive. After becoming accustomed
to the simulation, the feedback provided by the students was
predominantly positive, with a notable 94% expressing enthusiasm
for the positive aspects of the simulation.

Zhuoluo etal. performed a study to evaluate the potential
of haptic technology for self-learning (Zhuoluo et al., 2019). The
authors designed an educational application integrated with a
haptic device to teach the concept of friction. The haptic feedback
was provided using a 2-degree-of-freedom pantograph device
named “Haply”. To ensure seamless communication with the Haply
devices, the Unity3D game engine and the Haply application
programming interface were used in the development of the
visuo-haptic simulation ecosystem. Participants were split into two
groups: a control group and an experimental group. Post-experiment
evaluations encompassed both a test and a feedback questionnaire.
Results showed that the integration of the haptic device not only

frontiersin.org
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enhanced the effectiveness of the application but also stimulated
increased levels of enthusiasm and motivation among the students.

Yuksel etal.'s study on friction forces used haptic feedback
and visual cues to create the educational visuo-haptic simulation
(Yuksel etal., 2019). The simulator simulates the dynamics of
frictional forces between two rigid bodies, specifically focusing
on phenomena such as stick-to-slip transitions and steady sliding.
The study analyzed the impact of variables like object mass,
size, and the contacting surface (i.e., friction coefficient) on the
nature of the frictional force. Students who had previously enrolled
in at least one physics course tested the visuo-haptic simulator.
Results highlighted that the participants demonstrated an improved
understanding of friction concepts. The authors suggested that
improved comprehension resulted from a seamless integration of
visual and kinesthetic techniques.

Qi etal. built a visuo-haptic physics simulator to teach the
effect of buoyancy (Qi et al., 2020). Buoyancy refers to the upward
force exerted on an object submerged in a fluid. The study focused
on how visual and haptic feedback could enhance participants’
comprehension of this phenomenon. A 2 x 2 between-subjects
design study was conducted. The experiment had four conditions
based on the presence or absence of haptic and visual feedback, and
participants were randomly allocated to one of these conditions.
After an initial evaluation to measure participants’ knowledge of
buoyancy, they proceeded to use the simulator and subsequently
answered a post-interaction questionnaire. Results suggested that
participants in the combined haptic and visual condition exhibited
notable progress in their learning outcomes.

In the work of Hamza-Lup and Goldbach, the authors developed
avisuo-haptic training tool designed as a gamified scenario (Hamza-
Lup and Goldbach, 2021). Tt was designed to facilitate students’
comprehension of abstract physics concepts, particularly those
related to electromagnetism and the fundamental Lorentz force.
When a charged particle travels through electric and magnetic fields,
this force describes the interaction it encounters. In this study,
undergraduate students with non-physics backgrounds volunteered,
and they were placed into three groups: the control group, the
visuo-haptic group, and the visual group. The control group used
only traditional teaching methods. In contrast, the visuo-haptic
group used the simulator with haptic feedback features, while the
visual group engaged with the simulator without this kinesthetic
component. The study’s results showed that the students in the visuo-
haptic group not only did better on tests but also showed how
advanced visual-haptic interfaces might be able to keep students
interested and help them learn more effectively.

A comprehensive review by Crandall and Karadogan
emphasizes the pedagogical effectiveness of haptic systems in
learning, exploring how these technologies can be designed to
align with cognitive theories like Cognitive Load and Embodied
Cognition (Crandall and Karadogan, 2021). This study explores
the subtle influence of haptic design on learning effectiveness
and suggests optimal strategies for creating haptic simulations.
Moreover, a study by DeCoito underscores the transformative
potential of digital media in conveying the dynamic and historical
development of science, presenting it as a product of its sociocultural
context DeCoito (2020). DeCoito showed that using explicit-
reflective teaching along with digital tools like scientific timelines
and video games helped students understand nature of science
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concepts better, such as how it is tentative, durable, and self-
correcting, and how creativity and sociocultural factors affect
scientific inquiry.

The authors’ earlier research mostly looked at the technical
progress and immediate educational effects of visuo-haptic
simulators (Nerietal, 2015; Shaikhetal, 2017; Nerietal,
2018; Nerietal,, 2020). These works have laid a foundational
understanding of how kinesthetic and visual feedback can synergize
to improve learners’ grasp of complex physics concepts. Our
research builds upon these studies, not only exploring the technical
and pedagogical efficacy of visuo-haptic simulators but also
extending the investigation into user satisfaction and its role in
the effectiveness of learning tools. This approach aligns with the
emerging recognition within the field of educational technology
that learner engagement and satisfaction are critical components of
successful educational experiences.

Furthermore, this study employs an enhanced survey
methodology to measure user satisfaction with multi-modal
applications. This survey could provide researchers with a
better understanding of the qualitative aspects of learning with
visuo-haptic simulators. This focus on user experience and
satisfaction proposes that the effectiveness of educational simulators
extends beyond cognitive outcomes to include engagement and
emotional responses.

3 Materials and methods

While traditional physical laboratories play a pivotal role
in education, they often require significant infrastructure and
resources. In contrast, visuo-haptic environments can offer a more
cost-effective and accessible alternative for simulating physical
experiments, thereby making advanced learning experiences more
widely available. In this context, the study focused on developing
three distinct visuo-haptic simulators to improve the teaching of
classical physics concepts through interactive engagement. The
selected scenarios were selected for their potential to benefit
significantly from haptic feedback: (a) a block resting on a flat
surface with friction; (b) equilibrium of forces (balance); and (c)
equilibrium of forces (tug-of-war). These scenarios were created
using the HaDIU (Haptic Device Integration for Unity) framework
(Escobar-Castillejos et al., 2020). This plugin is accessible via the
following link. The force feedback in these simulators was provided
through a Novint Falcon haptic device, chosen for its affordability
and its capability to deliver three degrees of freedom (DOF) for both
spatial input and haptic output. The integration of the Novint Falcon
with the Unity3D engine, via the HaDIU plugin, enabled a seamless
experience of graphical and haptic renderings.

Each simulation incorporated Unity’s graphical user interface
(GUI), which allowed users to control and visualize essential
parameters for each scenario, facilitating a hands-on learning
experience. The GUI was designed to be intuitive, ensuring that
users could easily interact with the simulation and receive immediate
haptic feedback relevant to the physics concepts being explored.
This approach aimed to not only make the learning process
more engaging but also to provide insights into the usability and
educational value of visuo-haptic simulations in teaching complex
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FIGURE 1
Force diagram for a block resting on a flat surface with friction

physics concepts. In the following subsections, a detailed description
of each scenario is provided.

3.1 Design of the visuo-haptic simulators

3.1.1 Block resting on a flat surface with friction

This scenario aimed to provide students with the opportunity
to observe and understand the concept of frictional force f by
simulating a block sliding on a flat surface when a force is applied
to it (Figure 1)

Let E, be the force applied by the user in a direction orthogonal
to the box’s surface, and F, its magnitude. Similarly, F represents the
force detected by the simulator’s sensors, and F is its magnitude. y,
corresponds to the static friction coefficient, and g to the kinetic
friction coefficient, where it always holds that y > y;. The magnitude
of the friction force is considered as f, with f; representing the static
friction force magnitude and f; the kinetic friction force magnitude.
Additionally, m corresponds to the simulated mass value, and P is
the magnitude of the box’s weight. Starting from the initial state of
rest, the resultant force FR can be determined as follows:

IfF, <f.= P, then F= —F, = Fp = 0.

IfF,>f then F= f= f, =P = Fy = (F, - f)1.

Where i represents the unit vector on the horizontal axis.

Consequently, users could apply a force (F,) to the block by
using the haptic interaction point (HIP), which interacts with and
penetrates the virtual object to simulate the applied force. On the
other hand, the ideal haptic interaction point (IHIP) acts as a
visual representation, depicting the handle of the haptic device
and illustrating the contact point of the HIP within the virtual
environment, as demonstrated in Figure 2. Users could grasp the
block, allowing them to perceive the virtual weight of the block. The
haptic device transmitted the Fy, whether it was in a static or kinetic
state, to the user using the F, value.

3.1.2 Equilibrium of forces (balance)

The aim of this scenario was for students to interact with
the system to understand the concept of torque in terms of the
magnitude of the applied forces and their points of application.
To determine the resultant force in the simulation, the following
considerations, as seen in Figure 3, were taken into account:

The center of rotation is situated at the origin of a Cartesian
plane. The variable L denotes the distance from the center of rotation
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FIGURE 2
“Block resting on a flat surface with friction” Scenario: (Top) Initial
scenario setup; (Bottom) Simulation Parameters.

to each end of the table. The vector F, represents the force that
the student applies vertically downward on the left side of the
table, and F, is the magnitude of this force. The term s indicates
the distance from the center of rotation to the point on the left
side where the force F, is applied. Conversely, on the right side,
the centers of mass for each of the boxes i (where i€ 1,2,3,4,5)
are positioned at distances t;. It is assumed that all boxes have an
identical weight, denoted as P. The variable & represents the height
of the center of rotation above the base, while 6 is the angle that the
table makes with the horizontal. The force necessary to maintain the
system in equilibrium is described by the vector F, with F being its
magnitude. Consequently, Fy, is defined as the resultant force acting
on the system.

To obtain the resultant force, it is necessary to know in advance
the force F that the simulator will produce. This force will be of
the same magnitude as what the student would need to apply to
maintain the simulation in equilibrium. Starting from the condition
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FIGURE 3
Force diagram for the balance simulator.

of rotational equilibrium, we have:

ZT:O

n
= Fscos(6) = ZPt,- cos(60)
i=1
Where 7 is the number of boxes in the simulation. Since P and
cos(6) do not depend on i, they can be factored out of the sum. In
this way, terms dependent on the angle are canceled on both sides of
the equation.

n

Fs=Pit,- =>F=§Zt-

i=1 i=1

Therefore, for a given number of boxes #, the force on the sensor will
depend solely on the position s and the lengths ¢;.

pa
F(s,by0e0ty) = = >
i=1
Thus, the resultant force on the systems will be:
Fr=E,+E(s,t},...,t,)

Since F, is applied downward on the left side of the pivot point:

pa
Fr= ( = Zti_l:a)j
Sia

Where j represents the unit vector on the vertical axis.

In this simulation scenario, participants can exert a force,
represented as F,, through the HIP on the left side of the simulated
table (Figure 4). As the user moves the blue ball, which represents
the IHIP’s position on this plane, the HaDIU plugin computes the
resultant force Fy, by using the HIP’s position combined with Unity’s
physics engine values to provide appropriate haptic feedback to the
user. Additionally, users can move the boxes on the right side of the
table freely by approaching them with the IHIP. Upon contact with a
box, pressing the button on the haptic device allows the user to ‘grab’
and reposition the box. Modifying the position of the boxes changes
the distribution of forces and the resultant torque in the calculation,
enabling students to physically sense and understand the changes in
equilibrium.
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FIGURE 4

“Equilibrium of forces (balance)” Scenario: (Top) Initial scenario setup;
(Bottom-Left) Simulation with three stacked boxes vertically;
(Bottom-Right) Simulation with three-box pyramid formation.

3.1.3 Equilibrium of forces (tug-of-war)

This scenario was designed to help students understand the
concept of equilibrium concerning the magnitude of applied forces
through a simulation that represents accelerated motion on the rope,
which depends on the resultant force applied to it (Figure 5).

Let F be the force initially exerted on the rope by the simulator,
and F, be the force applied by the student. The resultant force F, will
be:

Fy=E+F,

In this environment, students were able to test another
equilibrium of forces simulator (Figure 6). Through the HIP,
participants could exert an external force, represented as F,, on the
virtual rope. The blue and red spheres represent the same IHIP; the
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FIGURE 5
Force diagram of equilibrium of forces (tug-of-war)

Ll

Contrary force

FIGURE 6
"Equilibrium of forces (tug-of-war)” Scenario: (Top) Initial scenario
setup; (Bottom) Simulation with the user applying an opposite force

blue sphere indicates the HIP’s position when it is not in contact
with the rope, whereas the red sphere signifies that the HIP is
engaging with the rope. The acceleration and movement of the rope
are determined by the interaction between the student’s force and
the simulator’s preset force F,. It should be noted that although users
can move freely within the simulation space, the HIP’s movement
is constrained to the x-axis once contact is made with the rope.
This design constraint was considered to simulate the feeling of the
opposing force, thereby enriching the user’s haptic experience and
providing a more realistic sense of equilibrium.

3.2 Measures

To make it suitable for multi-modal simulations, Doll and
Torkzadeh's end-user computer satisfaction survey (Doll and
Torkzadeh, 1988) was modified (Figure 7). The modified survey
included questions that spanned various aspects of the simulators,
addressing clarity, output value accuracy, visual and kinesthetic
realism, reliability, user interface efficacy, understandability,
motivation, and real-time information delivery. These questions
were structured around a five-point Likert scale, with five
representing the highest level of satisfaction or agreement and 1

Frontiers in Robotics and Al

10.3389/frobt.2024.1305615

being the lowest. However, items S1 and S2 were conceived as open-
ended questions, allowing participants to provide suggestions and
general comments. The survey was delivered via Google Forms, and
the data collected was analyzed using Python with the aid of the
Pandas and Matplotlib libraries.

3.3 Participants

During the academic semester of August to December 2023, an
experimental group of 45 engineering students from Universidad
Panamericana, ranging from the 1st to the 7th semester and with
differing levels of familiarity with the topics, participated in testing
sessions for the three simulators developed. These sessions, spanning
1 week, aimed to assess the usability of the visuo-haptic simulators
and gather students’ perceptions of their utility in enhancing the
learning experience of classical physics concepts.

Each session started with a detailed introduction to the
simulators, presenting their features and the tasks participants
were expected to complete. Positioned in front of computers
equipped with the simulators and the Novint Falcon haptic
device, students were able to adjust the device for their dominant
hand, ensuring comfort and ease of use. Through interaction
with the simulators using the Novint Falcon, participants gained
an intuitive understanding of the forces associated with the
presented classical physics concepts. Through the graphical user
interface (GUI), participants use the mouse to modify simulation
parameters, including the number of boxes, static and dynamic
friction coefficients, and opposing forces. The GUI was intentionally
designed to reduce the need for users to alternate between the mouse
and the Falcon haptic device, ensuring a seamless and intuitive
interaction. Most parameter adjustments are completed before
engaging with the Falcon, allowing for uninterrupted kinesthetic
feedback during the simulation. After adjustments, participants
were asked to access the ‘Results Tab’ to monitor the simulation’s
outcomes. This strategy guarantees that participants can both
visually and kinestheticly perceive the immediate effects of their
modifications. By minimizing device switching, this approach not
only preserves the ergonomic integrity of the setup but also sustains
an immersive and efficient simulation environment.

The average exploration time was approximately 30 min per
student, focusing on engaging with the simulations rather than
a quantitative measure of learning outcomes. Following each
session, feedback was collected using the adapted end-user
computing satisfaction questionnaire. This feedback was used to
measure the simulators’ effectiveness in providing an intuitive and
engaging learning experience. This approach allowed the study
to examine the educational potential of visuo-haptic technology
from the perspective of user satisfaction and perceived learning
enhancement.

4 Results

The satisfaction survey results, as depicted in Figure 8,
provide insights into participants’ perceptions of the visuo-haptic
technology’s effectiveness in enhancing the learning experience.
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c4

FIGURE7

Proposed end-user computer satisfaction survey. C1: Do the simulators provide the precise information you need to understand the activities? C2: Do
the simulators’ configuration parameters meet your needs? C3: Do the simulators provide output values that seem to be helpful in your activity? C4:
Do the simulators provide sufficient instructions to perform activities? C5: Do you consider the simulators could support you in classes? Al: Are the
output values accurate? A2: Do you feel the kinesthetic perception is realistic? A3: Do you feel the visual aspects are realistic? A4: Do you find the
simulators dependable? F1: Do you think the graphical user interface (GUI) presents information in a useful format? F2: Is the information clear? F3: Do
you find the visualization of the visuo-haptic simulators attractive? E1: Are the simulators user-friendly? E2: Are the simulators easy to use? E3: Did you
feel motivated when you were using the simulators? E4: Did you feel the information offered by the simulators was useful? T1: Do you get the
simulators’ information you need in time? T2: Do the simulators provide real-time rendering? S1: What suggestions do you have to improve the
simulators to better support you in your learning process? S2: General comments

4.1 Content (C1-C5) ratings distribution

Analysis of the content quality ratings reveals that most
responses range between 4 and 5, suggesting that participants
generally perceived the visuo-haptic technology’s effectiveness
in providing an engaging learning experience. However, the
variance in ratings for C2, concerning specific content-related
aspects of the simulators, suggests room for improvement in
content delivery. Specifically, feedback on C2 highlighted a
need for clearer explanations of complex physics concepts and
suggested incorporating more varied learning materials to cater
to different learning styles. For example, participants expressed
a desire for more interactive elements, such as quizzes or
real-time feedback, to test their understanding throughout the
simulation. This feedback is instrumental in guiding enhancements
to the simulator design, ensuring content is both accurate and
presented in a manner that is accessible to learners with diverse
preferences.

4.2 Accuracy (A1-A4) ratings distribution

Ratings on the accuracy of the simulations validate the
simulators’ potential to provide a realistic representation of physics
principles, with Al and A2 indicating strong user approval.
However, the varied responses for A3 and A4 suggest opportunities
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for further research into how these elements influence the
overall educational value of the simulations. Such insights could
guide enhancements in the accuracy and realism of simulated

physics phenomena.

4.3 Format (F1-F3) ratings distribution

The distribution of ratings for the presentation format reveals
areas for improvement, particularly for F1, which received
lower scores. This feedback points to a possible misalignment
between the simulators’ educational content and its presentation.
Enhancing the format could significantly impact user engagement
and learning experiences. Conversely, the positive responses
to F2 and F3 suggest that some aspects of the format are
effective and should be retained or further developed in
future developments.

4.4 Ease of use (E1-E4) ratings distribution

The ease of use ratings were consistently positive, which
highlights the simulators’ user-friendly design and underscores
their potential as valuable in  physics
learning. These results suggest that visuo-haptic simulators,
with further development, could become integral for teaching

educational tools

07 frontiersin.org



Gonzélez-Mena et al

10.3389/frobt.2024.1305615

26.7% 28.9%

48.9% 51.1% 37.8%
= 62.2%
44.4%
1%
35.6%
65.4% 40.0% Cc5 48.9% 48.1% 51.1%
26.7% 17.8%
46.7% 53.39% 46.7% A3 53.3% A4
: 55.6%

48.9% F1 511% 42.2% F2 ’ 57.8% 46.7% F3 } 53.3%
53.3% @ 46.7% 53.3% @ 46.7% 44.4% @ 55.6%
51.1% ‘ 48.9% 711% O 28.9% 51.1% @ 48.9%

FIGURE 8

Obtained results in the proposed end-user computer satisfaction survey. The colors in the pie. charts correspond to values on a 5-point Likert scale:

I Represents the lowest value
I Represents the 2nd lowest value
Indicates a midpoint or neutral response
I Represents the 4th value, leaning towards the positive end of the scale.
I Represents the highest or most positive value

complex concepts that benefit from Kkinesthetic

experiences.

learning

4.5 Timeliness (T1-T2) ratings distribution

The timeliness ratings, especially the inclination towards
a score of five for T2, demonstrate participants’ satisfaction

with the simulators’ responsiveness and  promptness.
This feedback highlights the potential of visuo-haptic
environments to deliver immediate, interactive feedback, a

key factor in facilitating an effective and engaging learning
environment.

Frontiers in Robotics and Al

4.6 Box plot for distribution of responses
to each question

Box plots provide a visual representation of the central tendency,
variability, and presence of outliers in the distribution of responses
for each question (Figure 9). For example, the interquartile range
(IQR), which is defined as the difference between the first quartile
(the lower boundary of the box) and the third quartile (the upper
boundary of the box), provides insight into the central 50% of the
data distribution for each question.

Based on the data, the box plot analysis offered a clear depiction
of the user feedback, capturing both general trends and the range
of responses. While the simulators were generally well-received,
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FIGURE 9
Box plot for distribution of responses to each question

indicated by a predominance of ratings in the 4 to five range, some
variations and outliers suggest some aspects did not fully meet all
participants’ expectations or preferences. These results highlight that
while features such as the simulators’ accuracy and ease of use were
highly rated, the presentation and format, particularly for F1, require
further attention to meet user satisfaction across all dimensions of
the simulator experience.

5 Discussion

The satisfaction survey results indicated a generally positive
perception of the visuo-haptic technology, with content and
accuracy ratings being particularly strong. However, areas for
improvement were identified in the content delivery specifics and
presentation format.

5.1 Comments obtained in the suggestions
category

The qualitative feedback received from participants shows the
positive impact of the visuo-haptic simulators on the learning
experience. Among the 33 participants who provided comments, a
significant majority (63.6%) praised the simulators for providing a
more immersive understanding of physics concepts than traditional
methods. Common feedback included appreciations such as ‘they
facilitated a deeper comprehension of classical concepts’ and
‘the simulations were engaging and instructive, underscoring

Frontiers in Robotics and Al

&

09

<& &

the value of incorporating interactive, multi-modal tools in
educational settings.

These results not only highlight the potential of visuo-
haptic technologies to enhance conceptual understanding beyond
traditional methods but also point to specific areas for enhancement.
Participants also recommended expanding the simulations’ content
to ‘cover a wider range of physics topics’ and to ‘improve the
visual interface for more intuitive 3D navigation. Furthermore, the
suggestion to ‘integrate learning features, such as quizzes, underlines
astrong interest in personalizing the learning experience to support
diverse learning styles and speeds.

5.2 Comparison with research questions

This study contributes to understanding the potential of
visuo-haptic technology in enhancing the educational experience,
particularly in how it influences students’ engagement with and
perceptions of physics concepts. However, it also highlights the need
for a more in-depth analysis of how interactions with visuo-haptic
simulators affect long-term knowledge retention and fit diverse
learning preferences.

According to the results, multi-modal technology significantly
influences students’ engagement and their understanding of
basic physics concepts, thereby answering our initial research
question. Feedback and rating distribution indicate that multi-
modal technologies improve student engagement and enrich their
comprehension of physics topics. Positive feedback indicates that
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these tools make abstract topics more understandable and clear,
improving learners’ involvement and understanding.

Responses the user-friendliness and
value of visuo-haptic provide
to our second question. The consistently high scores for
simplicity of use emphasize the user-friendly design of the
simulators. Simultaneously, content evaluations and feedback
show the substantial instructional value of the simulations.
Recommendations to expand the content and incorporate
diverse learning materials indicate ways to enhance their
educational impact.

Regarding our third question, the diverse feedback, provided
by the different metrics along with the qualitative comments,

about educational

simulators clear answers

indicates specific areas for improvement, such as content
delivery and presentation format. This feedback highlights the
importance of interactive, multi-modal educational tools and
provides direction for future improvements. Recommendations
for more interactive features and expanding the variety of topics
are crucial to guide the ongoing development of multi-modal
educational technology.

The conducted analysis underscores the simulators’ positive
reception, aligning with our research questions regarding their
usability and intuitive design. Nonetheless, the presence of
ratings in the 3-4 range indicates areas requiring attention.
While the simulators’ accuracy and ease of use were praised,
improvements in the format, especially concerning F1, are
necessary to elevate the overall learning experience. This aspect
suggests the importance of developing educational tools that
are not only pedagogically effective but also broadly engaging
and accessible.

5.3 Comparison with related research

This study extends existing research in the field by investigating
not only the direct educational effects of visuo-haptic simulators
but also user satisfaction and engagement. Walsh and Magana’s
study of physical manipulative tools and visuo-haptic simulations
for teaching statics supports this approach. They focused on how
different kinds of visual and haptic feedback can help students learn
about friction Walsh and Magana (2023).

This research investigates the precise effects of multi-modal
simulation on student engagement and comprehension. It is based
on the growing consensus in the educational technology area that
active learner engagement with kinesthetic interaction is essential
for improving conceptual understanding and improving outcomes
in STEM education. Additionally, comparing the obtained results
with related research indicates a consistent finding that interactive
technologies can significantly enhance learning experiences.
However, the emphasis on user feedback for specific improvements
provides unique insights into optimizing visuo-haptic technologies
for educational purposes. By integrating these insights with
quantitative data, we gained a comprehensive understanding of
user experiences and preferences. This feedback provides a solid
foundation for future development in multi-modal educational
technology. With a focus on user-centric design and educational
effectiveness, future simulators could be refined to better meet
the diverse needs of learners. This approach promises not only
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to enhance engagement but also to deepen the understanding of
complex physics concepts.

5.4 Limitations and recommendations for
further studies or analyses

Lastly, the authors acknowledge that a limitation of this
study is its sole reliance on subjective feedback, which offers a
limited view of the simulators” educational impact. Incorporation of
objective measures, such as engagement metrics and performance
assessments, would offer a more comprehensive assessment of
the simulators’ learning impact and efficacy. Future developments
of new visuo-haptic environments will aim to integrate objective
metrics of learning outcomes to ensure a thorough evaluation of
the simulator’s qualitative and quantitative advantages. Additionally,
further development should consider feedback on content delivery
and presentation format to enhance the educational impact of visuo-
haptic technologies.

6 Conclusion and future work

In this study, we developed three visuo-haptic simulators
to investigate the potential benefits of multi-modal learning
experiences within STEM education. We focused on three
classical physics concepts: friction on a flat surface, balance in
force equilibrium, and tug-of-war dynamics. A graphical user
interface was integrated to facilitate user interaction, providing
instructions, allowing for the adjustment of simulation parameters,
and displaying force values as a direct feedback mechanism.

Moreover, an enhanced survey was utilized to measure end-
user computing satisfaction. It was adapted to capture feedback
on the multi-modal simulation experience. This study presented
an alternative methodology that could potentially enable more
structured evaluations in this area.

A detailed study involving students was conducted to determine
the level of understanding and the insights obtained through
interactions with multi-modal simulators. Results suggest that
using haptic devices along with carefully planned visuo-haptic
ecosystems could help participants understand the complex nature
of forces in classical physics and where they come from. The
feedback obtained regarding the simulations was predominantly
good. Feedback collected through the enhanced survey highlighted
the simulators™ positive impact on participants’ understanding and
engagement with physics concepts.

Despite the overall positive reception, an analysis of open-ended
responses revealed areas for further improvement. Key themes from
this analysis include:

1. Participants expressed a desire for simulations covering a
broader spectrum of physics phenomena, suggesting the need
for expanding our simulator library to encompass more varied
and complex concepts.

. Enhancements to the visual representation, during the
movement of the haptic device avatar for more intuitive
navigation and interaction were frequently requested,
indicating a priority for future iterations to focus on
streamlining the user experience.
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3. The call for integrating quizzes and additional educational
resources highlights a demand for personalized learning
paths within the simulators, catering to diverse educational
backgrounds and learning speeds.

Future research will focus on these insights, starting with a
comparative analysis aimed at quantifying the educational impact
of visuo-haptic simulators against traditional teaching methods.
Scheduled for January-May 2024, this study will adopt a rigorous
methodology designed in collaboration with faculty members,
ensuring a comprehensive evaluation of learning outcomes.
Additionally, recognizing the vast potential of classical physics
for educational exploration, we plan to convene focus group
discussions to strategically select topics for subsequent simulator
development. These discussions will prioritize areas where visuo-
haptic integration offers maximal educational value, thus refining
our approach to enhancing engagement and comprehension of
complex physics concepts. Through this targeted future work,
we aim to address the identified areas for improvement, further
advancing the field of multi-modal educational technology and
enriching the learning experience for students.
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Discusion

Los resultados obtenidos en este estudio evidencian la efectividad de las simulaciones
visuo-hapticas en la ensefianza de la fisica clasica, destacando su impacto en la
interactividad y la participacion estudiantil. La integracion de retroalimentacion haptica en
los entornos de simulacion permitié a los estudiantes interactuar con los fendmenos fisicos
de manera tangible, lo que facilité una mejor exploracién de conceptos como la friccion, el

equilibrio de fuerzas y la dindmica de interacciones.

El anélisis de la satisfaccion del usuario revela una percepcion positiva respecto a la
utilidad y usabilidad de las simulaciones. Los estudiantes sefialaron que la combinacion de
informacion visual y retroalimentacion kinestésica incrementd su motivacion en mayor
medida que los métodos tradicionales. Sin embargo, también se identificaron areas de
mejora, como la necesidad de optimizar la interfaz grafica y ampliar la cobertura de los

contenidos abordados.

Desde una perspectiva pedagogica, estos hallazgos subrayan el potencial de los simuladores
visuo-hapticos para complementar estrategias de enseflanza en STEM. La participacion
activa, el aprendizaje basado en la experimentacion y la posibilidad de personalizacion de
las simulaciones emergen como factores clave para incrementar el compromiso y la

exploracion de los fendmenos estudiados.

Uno de los principales aportes de este estudio es la confirmaciéon de que la interaccién con
simulaciones visuo-hépticas permite una comprension intuitiva de los principios fisicos sin
depender exclusivamente de la instruccion tradicional. Este hallazgo es consistente con

investigaciones previas que han destacado la importancia del aprendizaje multimodal en la

educacion STEM.

Si bien el estudio demuestra beneficios en la interactividad y la experiencia de los usuarios,
una limitacion es la ausencia de una evaluacion longitudinal para determinar el impacto en
la retencion del conocimiento. La implementacion de disefios experimentales mas amplios
podria ofrecer una vision mas integral de los efectos de estas tecnologias en el aprendizaje.

Otra consideracion relevante es la adaptabilidad de las simulaciones a distintos niveles de



habilidad y familiaridad con la fisica. En futuros estudios, podria analizarse como estas

herramientas benefician a estudiantes con distintos niveles de conocimiento previo.

Finalmente, es fundamental continuar refinando la tecnologia visuo-héptica para mejorar su
aplicabilidad en entornos educativos. La integracion de funcionalidades adicionales, como
la adaptacion de contenido a las necesidades individuales de los estudiantes, podria

optimizar aun mas la experiencia de aprendizaje.



Conclusion

El presente estudio evalud la viabilidad y beneficios del uso y desarrollo de simulaciones
visuo-hapticas como una estrategia innovadora para la ensefianza de la fisica clasica en
educacion superior. La capacidad de estas tecnologias para proporcionar experiencias
inmersivas y promover la participacion activa en la enseflanza de fenomenos abstractos las

posiciona como un recurso valioso dentro del marco de la Educacion 4.0.

Los resultados obtenidos evidencian que la integracion de dispositivos hépticos en entornos
de simulacién incrementa la motivacion de los estudiantes hacia el aprendizaje de la fisica
clasica. Ademas, los datos recopilados reflejan un alto nivel de satisfaccion en cuanto a
usabilidad y efectividad percibida. A pesar de estas ventajas, el estudio también sefiala la
necesidad de continuar investigando aspectos como la optimizacion de la experiencia del
usuario y la inclusion de una mayor diversidad de contenidos. La expansion de los entornos
de simulacién para abordar otros conceptos de fisica podria contribuir a su adopcion en

programas educativos mas amplios.

Ademas, la investigacion futura deberia centrarse en evaluar el impacto de estas
herramientas en el desarrollo de habilidades cognitivas y la capacidad de resolver
problemas en fisica. Un andlisis detallado de estas variables permitiria comprender mejor el
potencial de los simuladores en la educacion STEM. Otro aspecto a considerar es la
integracion de elementos interactivos adicionales, como evaluaciones formativas dentro de
las simulaciones. Estas herramientas podrian ofrecer retroalimentacion inmediata y mejorar

la personalizacion del aprendizaje.

Desde una perspectiva institucional, estas simulaciones podrian ser implementadas en otras
disciplinas dentro de la ingenieria y las ciencias exactas, ampliando su impacto educativo.
La adaptabilidad de esta tecnologia sugiere un amplio potencial de aplicacion mas alla de la
fisica clasica. Asimismo, se recomienda la realizacion de estudios comparativos que
evaluen la efectividad de las simulaciones visuo-hapticas en relacion con otras
metodologias de ensefianza interactiva, como la realidad aumentada o la simulaciéon basada

en inteligencia artificial.



Finalmente, la continua mejora de estas tecnologias podria transformar la manera en que se
ensenan disciplinas STEM, promoviendo experiencias de aprendizaje mas accesibles,
interactivas y centradas en el estudiante. La evolucion de estas herramientas podria
contribuir a la creacidon de un ecosistema educativo mas flexible y adaptado a las

necesidades del siglo XXI.
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