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Abstract

En esta tesis se presenta el disefio, desarrollo y evaluacion de un simulador visuo-haptico
orientado a fortalecer el aprendizaje, mediante metodol ogias que se desprenden de la escuela
activa, de la Ley de Boyle en educacion superior. La ensefianza tradicional de la fisica suele
enfrentar dificultades para motivar a los estudiantes y para vincular conceptos abstractos con
experiencias significativas que faciliten su comprension. Para atender este desafio, se
desarrollé un simulador visuo-haptico en Unity, integrado mediante el framework HaDIU, que
permite a los estudiantes manipular un sistema pistén—cilindro y experimentar en tiempo real
una resistencia tactil proporcional a los cambios de presién del gas. En € sistema se
materializan los principios de cognicion corporizada al sincronizar retroalimentacion visual,
numérica y héptica, transformando la relacion presion—volumen en una experiencia
multisensorial e interactiva.

Se empled un enfoque de métodos mixtos con la participacion de 39 estudiantes de ingenieria.
La evaluacion combind e instrumento End-User Computing Satisfaction (EUCS) con
entrevistas semiestructuradas para andizar usabilidad, compromiso y valor educativo
percibido. Los resultados cuantitativos mostraron altos niveles de satisfaccion en precision,
facilidad de uso y capacidad de respuesta. El andlisis cualitativo revel & una mayor motivacion,
una comprension mas intuitiva de la dindmica presion—volumen y un alto interés por extender
el uso de simuladores visuo-hapticos a otros temas cientificos. Los participantes describieron
laexperienciatéctil como un puente significativo entre lateoriay lapréctica. Entrelas mejoras
sugeridas se identifico la necesidad de simplificar la interfaz y ofrecer mayor orientacion
conceptual.



Los hallazgos indican que los simuladores visuo-hapticos pueden fortalecer e compromiso
estudiantil, enriquecer la comprensién percibiday apoyar el aprendizaje activo en cursos de
fisica. Este trabajo amplia la aplicacion de la simulacion multisensorial ala termodinamicay
resalta implicaciones pedagdgicas para €l uso de tecnologias interactivas en la educacion
STEM. Se recomienda seguir en este linea de investigacion para medir ganancias de
aprendizaje (learning gains), ampliar la simulacién a otras leyes de gases y establecer
lineamientos de disefio para su implementaci én a escala en entornos educativos.



Introduccioén

En las Ultimas décadas, la educacion superior ha transitado de model os centrados en la clase
magistral hacia enfoques que buscan involucrar de maneramas activaa estudiante en su propio
proceso de aprendizaje [1]. Este virgje responde tanto a cambios en las teorias pedagdgicas
como al impacto generalizado de las tecnologias digitales y a las nuevas expectativas de las
generaciones de estudiantes. La literatura coincide en que e grado de compromiso de los
alumnos con las actividades® de aprendizaje se vincula estrechamente con la calidad de sus
resultados académicos, 10 que ha impulsado |a adopcion de metodologias que privilegian la
participacion, el trabajo colaborativo y laresolucion de problemas en contextos rel evantes para
su formacion [2].

En este contexto, la ensefianza de la fisica representa un desafio particular. Muchos de sus
contenidos se apoyan en definiciones matematicasy conceptos altamente abstractos que, desde
la perspectiva de |os estudiantes, no siempre se conectan con situaciones de la vida cotidiana
[3]. Temas como latermodinamica o las leyes de |os gases suelen percibirse como distantes o
dificiles, especialmente cuando se abordan casi exclusivamente por medio de clases
expositivas, libros de texto y listas de gjercicios estédndar [4]. Aungque estos recursos son
fundamentales para transmitir conocimientos y desarrollar habilidades formales, no siempre
resultan suficientes para alcanzar una comprension conceptual solida ni para mantener la
motivacion alo largo del curso.

La complgidad de esta situacion versa en la dificultad para proporcionar experiencias que
ayuden a alumnado a vincular los model os tedricos con fendmenos que puedan experimentar
de maneradirecta[5]. Con unadébil vinculacion o inexistente, esfrecuente que los estudiantes
aprendan formulas, modelos y procedimientos sin llegar a interpretar o interiorizar 1o que
representan fisicamente. En respuesta, han cobrado relevancia propuestas de aprendizaje activo
gue involucran alos sujetos de aprendizaj e mediante expl oraci 6n, mani pulacion einvestigacion
de sistemas fisicos, ya sea a través de laboratorios reales o de simulaciones interactivas. Estas
aproximaciones reciben respaldo desde la investigacion en ciencias cognitivas, que subraya el
papel de la participacion activa y de la interaccion multimodal en la consolidacion y
transferencia del conocimiento [6].

Lateoria de la cognicidn corporizada (en cierta literatura descrita como encarnada) aporta un
marco conceptual especialmente Util para comprender por qué este tipo de experiencias son
efectivas. Desde esta perspectiva, pensar y aprender no son procesos desvinculados del cuerpo,
Sino que se apoyan en las acciones y en la percepcion del entorno fisico [7]. Las experiencias
sensoriales y motoras influyen en cémo se construyen y se organizan las representaciones
mentales. Esta vision resulta coherente con e aprendizgje activo, a enfatizar que la

" Aveces denominado como experiencias de aprendizaje



manipulacion, la exploracidon y la interaccion con objetos o entornos, fisicos o virtuales,
facilitan la construccién de significados més profundos [8]. En disciplinas STEM, donde
muchos conceptos se expresan mediante relaciones abstractas, esta idea se vuelve sumamente
relevante [9], [10].

Paralelamente, las generaciones actuales de estudiantes de educacién superior han crecido
rodeadas de dispositivos digitales, videojuegos y entornos interactivos, por 1o que suelen
esperar experiencias de aprendizaje que sean también dindmicas e interactivas [11]. Este
escenario ha favorecido e desarrollo de diversas herramientas tecnoldgicas que integran
simulaciones, visualizaciones y retroalimentacion inmediata para apoyar la comprension de
contenidos complgios. Sin embargo, la mayoria de estas soluciones se centra en canales
visuales y auditivos, mientras que ladimensiéon tactil o cinestésica permanece poco explorada,
apesar de su potencia para hacer mas tangible lo que no se puede observar directamente en el
laboratorio. En este sentido, |os dispositivos hépticos of recen unaoportunidad tnica, a permitir
gue los usuarios perciban fuerzas, resistencias o texturas de manera controlada [12].

L os simuladores visuo-hapticos surgen precisamente de la combinacion de estas capacidades.
En €ellos, e estudiante puede manipular variables fisicas dentro de un entorno gréfico (por
ejemplo, fuerza o presion) y, a mismo tiempo, sentir una respuesta tactil derivada de dichas
variaciones[13]. Deestaforma, lainformacion visua se complementacon unasensacionfisica
gue ayuda areforzar el significado de las relaciones que se estan estudiando [14]. En el caso
de lafisica, esto abre la posibilidad de “experimentar” leyesy principios que, de otra forma,
permanecerian como expresiones mateméticas abstractas en €l pizarron.

A pesar del avance en este campo, la investigacion en educacion en fisica con tecnologias
Visuo-hdpticas se ha concentrado principal mente en fenémenos como lafriccion, laflotacion o
el comportamiento de campos el ectromagneéticos. Existe, por otro lado, unamenor cantidad de
estudios que exploren el uso de este tipo de herramientas paratrabajar con leyes de gasesy, en
particular, con la Ley de Boyle, a pesar de que la relacion entre presién y volumen es un
concepto fundamental en la termodinamica y en diversas aplicaciones de la ingenieria. Esta
ausencia de evidencia empirica degja abierta la pregunta de como podria contribuir la
integracion de retroalimentacion hapticay visual a compromiso y ala comprension de estos
contenidos especificos.

En este escenario se sitlia la presente tesis. El trabajo tiene como proposito disefiar, desarrollar
y evaluar un simulador visuo-haptico orientado al aprendizaje activo de la Ley de Boyle en
estudiantes de ingenieria. EI simulador permite manipular un sistema piston—cilindro virtual y
experimentar, mediante un dispositivo haptico, como se incrementalaresistenciaal comprimir
el gas, mientras se visualizan en tiempo real cambios en la presion y en el volumen. De este



modo, se busca alinear la experiencia sensoria del estudiante con e modelo tedrico de los
gases ideales, integrando principios de cognicidn corporizada, aprendizaje activo y educacion
mediada por tecnologia.

Objetivos

Objetivo general

Analizar, en e contexto de la ensefianza de la fisica en educacion superior, de qué manera un
simulador visuo-haptico orientado a la Ley de Boyle contribuye a aprendizaje activo, a
compromiso de los estudiantes y a la valoracion educativa de este tipo de recursos en
comparacion con enfoques tradicional es.

Objetivos especificos

e Disefiar un escenario de aprendizaj e visuo-haptico que represente de forma interactiva
la relacion presion—volumen en un sistema piston—cilindro, fundamentado en la teoria
de la cognicion corporizaday el aprendizaje activo.

e Desarrollar e implementar un prototipo funcional de simulador visuo-h4ptico en Unity,
integrado con e framework HaDIU y dispositivos hdpticos comerciales, que
proporcione retroalimentacion visual, numéricay tactil en tiempo real.

e Evauar la satisfaccion de los estudiantes con e simulador mediante € instrumento
End-User Computing Satisfaction (EUCS), considerando dimensiones como contenido,
precision, formato, facilidad de uso y oportunidad.

e Anadlizar, através de entrevistas semiestructuradas, las percepciones de |os estudiantes
sobre su compromiso, su comprension conceptual de la Ley de Boyle y e vaor
educativo del simulador frente a métodos tradi cional es de ensefianza.

e Identificar recomendaciones de disefio pedagdgico y tecnol 6gico paralaintegracion de
simuladores visuo-h4pticos en cursos de fisica y, mas ampliamente, en entornos de
educacion STEM.

Hipotesis

A partir del marco tedrico sobre cognicion corporizada, aprendizaje activo y educacion
mediada por tecnologia, esta tesis plantea una relacion central entre la interaccion visuo-
haptica, el compromiso estudiantil y la percepcion de aprendizaje en torno ala Ley de Boyle.
Al mismo tiempo, se asume que el disefio del simulador y su usabilidad influyan en la forma
en que los estudiantes valoran este tipo de recursos frente a enfoques tradicionales. Con base
en ello, se formulan las siguientes hipétesis de investigaci on:



e Hipotesis1 (H1): El uso del simulador visuo-h4ptico se asocia con atos niveles de
satisfaccion de los estudiantes en las dimensiones de precision, facilidad de uso y
oportunidad, medidas através dd instrumento EUCS.

e Hipotesis2 (H2): Los estudiantes que utilizan el simulador visuo-haptico reportan un
mayor grado de compromiso con €l estudio de laLey de Boyle en comparacion con su
experiencia previa con métodos de ensefianza tradicionales centrados en la exposicion
y laresolucién de problemas en el aula.

e Hipotesis3 (H3): Un mayor nivel de compromiso reportado durante lainteraccion con
el simulador visuo-haptico se asocia con una mejor percepcion de comprension
conceptual de larelacion presion—volumen en laLey de Boyle.

e Hipotesis4 (H4): Losestudiantes perciben al simulador visuo-hdptico como un recurso
con alto valor educativo y potencial de transferencia a otros temas de fisicay a otras
asignaturas STEM, lo que refuerza su disposicion a utilizar herramientas similares en
futuros contextos de aprendizaje.

Estructura de la Tesis

La presente tesis se organiza en tres secciones principales gque articulan e desarrollo del
estudio. En primer lugar, en el apartado de laintroduccion se expuso € contexto general de la
investigacion y la problematica asociada a la ensefianza de conceptos abstractos de fisica, en
particular la Ley de Boyle, en e nivel de educacion superior. En esta seccién se expuso la
motivacion del estudio, se describieron brevemente los fundamentos del aprendizaje activo y
delacognicién corporizada, y se planted el propdsito de disefiar y evaluar un simulador visuo-
haptico para apoyar € aprendizaje de la relacidn presion—volumen. Asimismo, se formularon
el objetivo general, los objetivos especificos y las hipotesis de investigacion que guian €
trabajo realizado.

La segunda seccién corresponde al Articulo de investigacion, en €l que se presenta de manera
integrada el estudio empirico desarrollado. En esta parte se describen e disefio del simulador
visuo-hptico, la metodol ogia empleada para su evaluacion con estudiantes de ingenieria, las
caracteristicas de lamuestra participante, |osinstrumentos de recol eccion de datos cuantitativos
y cualitativosy el procedimiento seguido durante las sesiones de uso. También se reportan los
principal es resultados obtenidos, organizados en torno a la satisfaccion de los estudiantes, su
compromiso con laactividad y sus percepciones sobre €l valor educativo del simulador.

Latercera seccion corresponde alaDiscusion y esta dedicada al andlisis e interpretacion de
los hallazgos alaluz de las hipétesis planteadas y del marco conceptual en el que seinscribe
el estudio. Finalmente, la cuarta seccion corresponde alas Conclusiones, donde se sintetizan



las contribuciones centrales de latesisy se retoman las preguntas de investigacion alaluz de
los resultados obtenidos.
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ABSTRACT

The teaching process s essential lor devaloping future professionala, particukarly in fielde thet
reguing 3 deep undérsianding of theoratical concepts, However, fradiional classrom-based
matiods ofen siruggle b angage studants wha have grown up with technolagy, espacially
wilth comples subjects lke physaes, Lectures and lexboaks provdce fnundational knowledge but
may tail o make the material feel relevant, resulting in lower redention rales. In recent yeass,
interactve bBarming tools have esriched educational experiences, pariicularty through embodiad
cognition. which enhances learming by engaging shedents physically and emotionally, One
promising approach is the use ol visuo-haplic simulalons, They enable students 1o interact with
corcapts visual and taclils components, Inthis study, a visuo-haptc simulator was developsd to
help students understand the principles of ideasl gases, specifically Boyle's Lew. The simulator
enables students [ adiust warlables such as pressure gnd salume, provding visual and tactibes
feedback that resulls in an immersive, hands-on kaming exparience. The objeciive was fo
evabugte students’ perceptions of leaming with the simulator comparsd to traditional methods.
Surveys and imerviews were conducled 1o gather gualilalive data on sludenls’ engagermeant
with the simulater. Resuils show thal sfudents falt more medivated 1o angags with the simulabor
than with traditionel problem-salving spproaches. Studants also mentionad the potential of
these sirmitaions to suppart leaming in ether subjects. Vsuo-haphs sirmdalons encourage aclive
learning by provading intaraclive amdranments thal e students rom passive racipients info
actwe participanis. Future work will focus on essessing fearming outcomes in real classroom
setEngs and develoming new simukators 1o cover additional concepts refaked o ideal gases

Eirgwanis: visuoSapis didililoes, armbodSed cogritien, esibae himing, sludmil mgigenend. deal ghses, physics efucdibzn, higher
educatinn and rdurasanel inncawticn
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Montes-lsunza af Al Visuo-Haptic Simudators for Leaming Boyle's Law

1 INTRODUCTION

Education has undergone o swhstantial transfoomation in recent decades, shifting from passive, leciure-
el prisctbees w0 e lineractive, studeni-focused stranepies (Tormalba and Do, 20200, This shin
reflects bromler changes in padagogical theory, the prolifesition of digial echosloges, aml evoeldvang
|earmesr El;PH.'IIIliI,IﬂS.. Ay educotional research has demonstrated the significance of engogement in leaming
smilciaa, mstimitions are ienseingly yestgating diserse waching sirabegies 0 akless stucengs’
nisvels amid angerests (Fisher et al., 2021 These strmlegees olben aim o meve beyond sample knowledge
transmission, focesing irsbend on aclive T:urlii:ip.al'in'n. collubnrative proshéem=soldving, and the authentic
application of concepas in real-world coneexts.

Pysacs education, particalarly in ligher education, presess distiner challerges de o by theovetical
natre ol its concepls and the mathematicul thinking it involves (Lestan et al., 2021, Topacs such as
thermaodynnmbes and pas bows might appenr abstract and aneelated 1o practical applicatians for many
undergraduate sisdents. making thes difficalt w comprelind amd intemalize (Sokrat e al., 20041 The
traditicnal approach, charscemzed by reliasos on lextbooks, lectores, i slandandinsd problem sets, has
bz essrential for disceminating knoaledge andd developing fonndstional skills, However, such meshodds
may il be sufficical vo foster deep concepiual understandimg or W sustain sislent motivation, especially i
increasingly diverse classpixuns with o range of leaming preferenoes.

The challenge resices not cnly in presemting b mmenad bal also in ensbling students e connect ahsirnel
principles 1w angible cxpericnces (Enyvedy goal, 2001 ) Withaoul this conpectbon, keamers may memorize
formulbin withoul Pully grasping the dnderlying phenomenss. b recent yemrs, educatiomal approaches il
imiegraie theory and practice have gained prominemcs, aiming o ransfarm learnang from a possive reception
oof information inwo as petive, inguiry-hased process. This edvcaional advancement has been sappomied by
findings in cogaitive sciance. which emphiasize the mle of SClive engagenmal and muli-modal inlecction
in bamg-term retention and transfer of leaming | Loohardi and Shiples, 2021,

Emboedied cogniticn theory offers o pamesbarly relevant framework 1m this congext, sugpesting thal
cognitive processes arg directly conmecied 1o the body's inlesactions with the physical envireament {Farina,
2021 Rather than viewing thinking ax an isolnted, purely mentol activity, embodied cognition posits
that sersory and motor expeneness shape how we understond ond remember information, This theory
aligns closely with scive beaming approaches b edwcabon, cmphasizing siudent engagement treagh
participation, manipulation, and exploration (¥lichael and Moedell, 20035). These approaches allow students
1o gonstruct their oon knewledpe by insgracting with physical or simulated svstems, experimenting with
varables, and cheerving the resulis ol thelr setons. In STEM subjecis, where ghsiract relstbonships ofen
reguire imterpretmfioa thrmough meltiple representations, swch experientiol methods can be panicalardy
henaficial (Hermdndey-de Menénder e ol., 2019, Abrwhamson et al., 3N,

As sopiety advances and sfudents become more familmr with echaology from an early age, there s o
proving demand for new wsaching approacthes thal enpage techaodogically proficent kamers ( Haleem e al..
222, Technology now provides educalars with o wide aray of innovutive, inleractive leaming toels thal
cinsuppen diverse edeeationnl ehjectives and cater o muliphs karnmg sty les, These toolks can simulate
cimiples pheptanena, provide neal-time feedback, amd offer students opportunities 1o exphiss content al
their omn pace amd depith. Whitle many digital wols focus piomanly on visuzl and suditory channels physscs
edpeption eften demanmds on pddibonnl Tover of sensory mbersciaon o make eheroct phesemenn tangible,
Lt this conbexl, bapise devices stard oul for thetr abiliny o provade users shth acile Teedback, sdding a
semsory dimensian that complemesits visual amd aoditory imfeemation (Feoaasd e al. 2023),
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Sisuo-baptic simwlaioss combime e advantages of visual amd taeule iersstion in oo single kaming
emvironment {Con et ol 2025). They ciable studemts (o manipulse variabdes, such as force or pressane,
il 10 expericnes the cffects throagh both viseal abservation and physical sepsation. By experimenting
with Torees, pressunes, and vissal cwes, sudents can exploie concepis actively and devebog more robust
mental models of complex phenomena (Benes et al., 2024 This dusl-sensory engagement can make
vaheraize shstriet relatiorships moge concrele, enhanes motivation, und promose a deeper underssanding of
the sabject matier, In physics education, such ools hive the poential 10 bridze the gap between theoretical
dervatinns and experiential learning, providing students not only the opportumity e kearm but also the
chiance 1o Teel the laws of noture in sction,

Despite increasing attention to immersive technolagies i STEM education, limited research has exomined
e wispa-huptie simulnors con enhonce engagement and moteeation in leaming ms lows, particolar]y
Bbonyle’s Law, Toaddress this gop. this shedy developed and esnlopted a visuvo-hapiic simalator that integrases
tactibe and visual fesdback fo suppon active lzaming grownded in embadied cognition, The simulkator zlbows
shmlenis iy manipualate pressume and vodume varmadble:, povading an immersave. hands=om experience that
connects theoretical concepss o tangible interaction. The objective was B analyze siwlenls” pereepiims
of wmahitiy, satisfacion, ard mativatian when learning through moli-sensary Interaction compared with
traditponal approaches. Accordingly. the folkweing research guesizons were proposed;

» How dioess the use of visse-haptic simalaors impact: students” engagement with complex phvaiis
caospls, sach as Bovle™s Law?

o What are students’ perceptions of the effectivensss and educational value of visun-haptic simalators
cornpared 1o raclitions] mstruciomal methods?

2 RELATED WORK

Hagiic feedback sechrology hoe been wiklely e plved m edueation for its ahility to provide tnelile sensaticns
thui enhance conceptunl usderstanding { Movak anc Schwan, 20215 This modality complements traditicnal
wisual amd aoditory indrection by engeeig learmers” Kinedheis channels. which are often underused
in conventional clasrooms, Beyord replicsting resl-world sensations, haplic systems.cun highlizht key
comeepiual relattonahaps apd meake indsibie physkeal phenomenn percepiibde, The theosstical hasis of
sisui-lptic simulabors Hes i eivbodiad cognition and acive beaming (Mesnally and Walkis, JE2: Yang
el al., 2021). These frameworks emphasize that knawledge is boilt more effectively when students interuct
phvsically wich leaming materiale raiher than passiaely obssrve them, By allvwing Teamens to maaipuelii:
varzahles, expericnce resistance, ani observe oulcis in real-lime, Yisuo-haptc systems help form dissshle,
transfersble mentul moclels that connect perception and reasoning,

2.1 Visuc-haptic Learning Approaches in Physics Educaltion

In phiysics ciucation, hoplic feedback hos been integrated into mukiphe sisdics 1o frengthen undersianding
of shatract and dynamdc phepomena, Barly work on embogdied experience gnd Kinesthetic kaming
established 85 pecdagepscal value. Han aml Black (200 |3 investigated computen-based sinsulations for
elementury students and found that thase receiving both kinesthetic and force feedbeck achieved hetter
recall amd pronsfer than peces wing non-hapie versbmes, Likewie, Olymplon and Eachacia (3002} showed
that cormbaning physical and virtual inferaction sepporied cicher reprsentations of Hghl and eelor cancepls
tm:[rpwud with ﬁnﬂ:-mﬂ;_hﬂ'l}' mﬁl‘mﬁ'ﬂxmdiﬂl Ehes evadenee, Konira et al. (20005} desmmmsinibed
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through neurc-imagmng that physical interaction sciviies mobor and somalosensory regions Rnked o
eoncepiual reaseaing. reinforcing ihet embodied experience deepens scientific understanding.

Subseguent research examined how' visun-haptic systems mode] mechancol phensnema throagh
interactive simalations, Yuksel et al. (2017 crestesd HapSratics, o friction simulutor that lets users fec]
resisionge while monkpmbaing vimual surfaces, Their consfructivist design shoowed that combindng visial
Al Eactile cues mproved coberence i reasoning. Bxtending this line, O et al (2030 developed a
wisno-haptic simulatar for heayancy, fending that lesmers using tuctile fecdback pedormed signficantly
bestter tham (hose using visunl feedback nlone, Siovilarly, Homeza-Lup ot Goldboaeh (202 05 preésented a
gamilbed sbmulator for the Lorentz force that increased engagemment and aceuracy theough sesl-tme stile
interaction,

b divelopments focused on stmcired frameworks snd mebodosogical improvements Tor dessgming
wirun-hagic envirenments, Mogeez ot al. (2020 ) imrodoced the VIS-HAPT methmdnlogy, o systematic
approach for balkling visno-haptic leaming sysieme aligoed with Edwcation 445 This fromework reducsd
disvibepmeni teie whibe fproving usabilivy and compreticngivn in plhysics sinaludons. Do paralicl, Mygana
and Bukachandran (2017} examsived huptic fesdback in leaming electric fiekls, showing that stuclents used
sensations of “pash”™ and “pull™ o form iniGitve models of sitmction, repoksion, and fcld geometry,
einphiazing the male af sensorimotor expermes moondersandimg mvisible phenoaicn.

Researchers have also cxplons] lybed designs thnl combing wisuo-haptie syssems sith other echnolopies
o enhance- motivation aod satoncy, Gancia-Castelan e al, (2024) consined visao-hapic sinalamon
wilh genertive At teach inclined-plans: dynumics. Studenty interacied with & simualator i then ased
ChaGET toctest aond refine thelr problem-solving skills, keading to higher learning goins and increased
engageiment. Likewise, Buonocore e al, (2003 ) investigated enibodiment in indusimal visuo-laptic irining
Mfmmmmmﬁmﬂmdwnrﬂmﬂuﬂmﬂeﬁpbm undersconing
how suhjective presence infleences performance,

Farther studies have highlighted the msmuctional valne of viswoe-hapiic simolations for friction ond
i, M en ol {20230 spplied the VIS-HAFT framewirk to a 20 simmlnos of friciiens] fones, showinp
thal mialy-sersory Teedback strengthened concepiual grasp and learmer satisfction. Waksk et (2020 aml
Walsh arsl Magana (2023) analyzed séquencing ond feedback modalites, Snding that starting insimciion
wiith haptic feedhack promaotes embodied ressoning and that sEsis-haptic simalations saiperform physical
inleraction alane

Together, this body of work demonsiraes that combining visual and tectile feedbock improves
eomprehenshn, cngagensend. and retemtban i physhs education. Multi-sesory ineraction suppons the
lermativn of embodicd concepiunl mxlels thot conoect sheory wish Lngible experience. However, mos
stigdict hove focused on topics such as frictien, buoyaney, or electramagnetism, leaving g Liws and
thermeondynaimecs. Ergely ancsplored, Thes gap motivaies the prosei sy, which applics Visuos-Tiaptic
sirmulation Lo Bovle’s Low i examing bow mctile—visanl integration influences engapement s perceivad
leamming in concepiaal physics.

2.2 Virtual and Immersive Envircnmenis in STEM Learning

Virtual and immemsive leaming envimnments play a central mle in STEM edugation by Tostering

saperbentinl eogagement, spotial vndersiandieg. and problemesolving, These npprooches comblne

interaciive vissalization, project-based explorstion, amd multi-seasory simulition wo sileale kearmers in
realistic conbexis thal enhance motivaton and conceptusl learning. Evidence shows that immersive tools
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can improve both cognitive and allecuve culcones by enubling smodenls 1o experonce phenomena directly
rither than observe them passively,

Talalkan et al. (2009 examined tmmersive propet-based STEM programss that support identity formation
amony underepresented sudents, Using the Projective Rellsdtion framework ina space-themed program,
the authors found that immersive design ond hands-on - sctivities sirengthened leamers” identification
with STEM s ncreaded bneered i rélated careers. Similarly, Makranshy et al (20200 veporsed ilaat
wirtuul reality experienoss heighiened siuational inferest and curiosity aboul science, influsncing slidents”
loag-berm aspirations, Together, ihese siodies highlight the motivational aml sdeniiiy- building poeential of
limmersice conkexs i sudaming engugeamenl with science leaming.

A relotedl Fine of rescarch has focused on bow immersive and sugmenied ervironments improve
spatial rensoning and concepual anderstanding theowpgh 53 inssraction, Moncalbe (2021 ) developed
i augmented-reality chemistry platfonm that allowed Beamers s visualize and manipulate mislecalar
nictures, significantty improving spagial reasonang, Aceveco et al, (2004) fourd that virlual environments
For caplneing elevrlc felds cphuped concepiual aceuacy and enpagement. Thess resolis aré conslsient
with Chiang and Liu (20237 whi showed that extended reality systems with real-time feedinck bnproned
eoneeniration and comprehension in engineering education, Tegethes, thess findings suggest thal inmersive
Wisualization faciliines 4 connection between abetract conceps and parcepiual copericmee, thenehy
promoling o deeper undersianding,

Immersive wechnologics have alse been used as scalable aliematives w raditional Inberaorics and
warkahups., Sl arml Huang (2021 lested vinaal Makerspaces thal neplaced phvsical winkshops, revealing
that VR-hased ddesign instruction improvesd seli-efficacy and <reativity, In mamifacturing education, F-
Mownayri = ol (2006) and Bogers et ab, (20018) developed the Advasced Yirtanl Manufscwiring Lob; a
VR system replicating CNC machining. Both sudies showed that ssdents achisved companahble leaming
putcimes o thase from physical training while benefiting from the safety amd accessibility. Although
iesahilify issues such as modion discomion persisied. (hese results support immersive eavironmenis as
effective complements L lands-on labeeasory instnodion.

Beyoed replicaing phoysical spaces, immersive leaming enhmees collabormios and embodiment through
sy engagemoent. Wehb et al, (2002 developed a hapti-coabled VR model of & cell membarene that
helped sudents perceive nossale inberactions, improving visualation and authenticity. In another study,
Johnson-Cilenberg et al. (202 1y compared deskiop and embodicd YR crvironments for teaching naturnl
seloction, showing tha while both improved leaming, ernbodied VB promated greater preseeoe, SRl
anel spatinl trnsfer. Thao et al. (20200 reached similar conclusons ina comgurizen of viraal and physical
field trips. finding equal or higher siisfaction in virtunl eonditions. Colleciively, these studics sapgest thai
cribodiment and presencs foster alfective cegagement, uming observabon npe pariicipation.

Recent resesrch emphasizes that the mypact of immeersive sechnclogies depends on insrsctimal design
miore than inmeesion alone. Lee et al, (2024) found that VE and AR classrooms increased motivation
il engagement bul produced o significant differences in st perfonimince, suggesting that pedagogsal
renffolding remains esseatinl for cognitive gnins, Likewise, Buonnoene ef al, (2023 demonstred it
pereeived embodiment influcmces workload and ik efficiency, enphissizing the mportanee of himn
Faciars im imimersive kearming design,

Crverall, research poross AR, VR, and XK echaobegics shows that lnsmersive envimoniments can eidhancs
motivaii, eogagement, and understunding by combining visaalization, menkpalation. and feedback. Year,
these systems often emphasize visual immersion while overlooking tactile or kinesihetic infernction s a
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pathway o comcepiual undecstandimg. This Emicsion usderscores the contibuticn ol visuo-hapie sysens,
which uniie botb sensory dimensions io promse embadied cognition. The present study extends this Ting
of inguiry by expmining how & vizoo-hsptic simulsor for Beoyle's Law inteprates immersive amd tactile
feedbuck 1o soppen engageenct and bomaitiae lewming in physics

2.3 Engagemenl in Technology-mediated Education

Bevend phyaics and visuo-haptee leaming, reseanch on engagement in iechnsbogy-medinted edocation
prosvides insight inte how inberactivity and feedback. sustain mwdivaton and participatiien, Engagensant,
iypically described through behavionl, copnitive, and emotional dimensions, depends soongly on
inatmagtional design, social intersction, and leamer autonomy, Thess perspectives help explain how the
mudti=sensary inferactivity of visien-haptic simmlaiors can promte acbve involvemend,

i and Lamn (2015) sodied engagement [0 onling courses and found thar chear stactore. Enstmcion
presence, and peer support enhance behavicral, cognitive, and ecidismal participation. The sudy shiwed
thut well-timed schedules and feedback improved behavicnld engagement, while ingrinsic nsivation
srrengthemed cognitive invesment. Similarly, Owosy-Agyeman amd Larbi-Siaw {2018) reported that sell-
regilabed Bearning strategies, colkaborstion, and mstimione] suppont foser motnatian in kigher education,
:mﬁnﬂjﬁnl_ that structunsd mtemetion promedss active und reflactive |E.!1i|". Together, these snidies
snggest that digital learning &5 most effective when |t supporms reciprocal interaction, wronomy, onsd
Conneciedness.

Suusdbes during the COVIE-19 posdemic Twnber highlighed b imensciviny: end fesdbnck shape
engugement in both synchronous and asynchrenouns setiings. Lau e al. (2022} fonand that gsk-based
aciivities with immediate visaal feslhock improved engagement acrass all dimensians, Similarly, Yovani
A ahwpaed . Imteraerive pedagogical sotins sch s discussions and pair dinlogoes produced the
highest mativanson, alifhiough infrastreciore. Hmilations sometimes hndered partieipation. Botl siudies
:rﬂliml:wd thid l.rd!lr.,*:ll:" should be combined l.|'.|H1.'Fnd.|.|.|-ng;i|':u| l.'.'luihrizy o manmimin focies amd
modivistion in online [eaming,

Oxher resesrch explored how digital plefonms and consructiviss oppronches enhance engngemeni and seif-
efticacy, Roballes (23] demonsirised thst combining mstacognitive sirbegies with the FlipGred platform
improved students” speaking confidence and rellection ibraugh peer feedback. Bray et al. (2015 inlegrited
Realistic Muothematics Fducsion with the Bridpe21 mudel, Anding thas progeci-hased digiial leaming
ineradssd engapement and confidenss while linking theory with practice, Thess stediss demonsivae fhal
mreaningfial engagement anses fram iMegrating Lechmiodogy with kaamer-centened design, tber than relving
:l'.n-h:lrm tu-:hmlhlj s,

Techmolegica medistion can ol drive inaieibonal and cultural ciaage. Brown el al. (2009 iy sed
the shift of Russian higher education toward open, participstary, and gamified learning. showing that
techiobogy-supporied pedagogics snhmced motbvation, satomony, and ereativity. Gamification ¢lensenis
womelzied with higher enjoyment and sairtepe thinking, demonstrating that digitl imeraciviny. can
influence educadionz] culture and poficy as well as ndividual engogement,

Research on mahile and experiential leaming ilhistrates oo lechoology fosters sensory wmml social
engagement in realwackl settings, McClain and Zimmesman (2016) foand that en Pad-bised e Trailguide
promoted abservmion, gesure, and ol le exploration during saidoor sctivities, supporting a “lesds-ugp,
handseon™ learming approach. Mayer and Schwemmbe | 2023 expendid ihisio higher education showdiag
that kechnology-mediated experendinl learning increases accessibility and aubonomy bl can reduce
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SpnEInEoNs T ectod, neguirng Insiiuchns o act as proactive menfors bo susiin modivation. These
finlings sugpest that effective engagement hinges on striking a balance between digiml Buency asd bumin
CoOnpecig,

Firally, engagement framewsrks have been applicd te domain-specilic physics educaixm. Mol Sharif
et al, (321} developed a tangible Bovle's Low apparains that improved dndersiancing ond inderesi

compared o lecine-based teaching, vei lacked digital or haptec interaetvity. This highbizhes a chear g
witile lechnology-medisied esgagemenl 15 well pstablished Fow dinlies have e;:mhaﬂh‘gtrmﬂdng

tzotile anil visunl feedback can enbumce eogagement with absirct physios coneepia

Crerall, prioe studies converge on Three idess. Firsl engagement m fechiselogy-mediated edocation
depends on aligning interactivity, feedbock, and paionemy, Second, effective engagement meguires a
balapce between technologiosl features and pedagopical goals ta sasain pktention. Thind, sensory ond
capersential modes promose deeper bearming by ansforming siodents from passive abdererd inio active
participants, Butlding on these msights, the present sidy empliys a visua-hiptic shoulitor that combines
imeemetiviy, feedback; wed embodimeni o foster engagemment witly Boyke"s Law through a direct, moli-
SN0y EXperience.

24 Contributions of This Study

Bailing on the cxpanded bocy of research reviewed above, this sivdy makies thrée main contribaiions o
the field of viswehaptic and techoology -medinted leaming:

¢ Extension of visuo-laptic leaming to gas livwes: Previous research has primasily focused on focton,
sy mncy, of clectrombgnetiam, This sosly inmeduces o visso-hapie smulior specifically desipred
for Boyle's Law, demonstrating tha sactile—visoal interaction can effectively suppodt comprelsension
sl ; R

w Integration of enthodied cogmiton within a muli-sensory, scive-bearmang fransework: The simakasor
combines real-fime toctike resistunce und visual feecback b tmnsform ahstmet physical relatsmships
i perceptible expeniences, apermtionalizing embodied cognsiion through imemetive explormdien,

= Emgpirical evaluation of user engugement unad perecived educational valoe: Using o mixed-method
approach, the study providks quantittive and qualitative evidencs that visun-hiptic interaction enhances
stuidents’ engogement, motivation, md stisfeiion compared with mditional leaming. These findings
complement prior studies that emphasized conceptual autcames bat ramely wssessed affective and
meahility dimensions,

Through ibese contributions, the sty gims to expand the scope of visuo<haptic research by sipating
it be—visnnl bnteractivity within shermodymomies snd by linklng embodbed cognithnm bo cagogement theory
Frusan pechnology -nsediated education. The sudy demonsirates (Bal meamnglul leanting s wol only foom
sensiry renlism bl from the alignment of meeractiviey, fesdhack, and antanomy —principles suppodsd
by broadar litersiere on imersive and digil leaming eevironments, By addrsssing an upderes plorsd
devmain aml mtegrating emgirical evalusenof engagement, ihds work advances the nierstamding of low
wisun-haphic syslems-can enrich science education rough experiemial and motivational pathways,

3 MATERIALS AND METHODS

Tae study's mnin objecive was o gesess students’ perceplions of lesming with the simulator n comparison
ter tragfitional methods, This section deseribes the mutenzls and methods used o design, develop, and
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insplement the visue-haptic simulatos. A stnsamlknsd VES-HAPT methodobogy (Mogoes et al., 2021) was
employed e ensure the sccarmcy of simulstions of physical iMerctions The Hal3IU (Haptic Device
Inacgration fur Unitys frumework (Escobar-Castilisjos et al.. 202400 was used 10 integracs haptic fesdbock
semlesaly.

3.1 Design of the Visuo-Haptic Leaming Experisnce

In physies, abstrael coscepts may be complex [ some students 10 inlemalise becauss they malye
relationships thot are e directly ohservahle. Cine such principle is Boyle's Low, which states tha for an
ideal gas in a closed system al conssant wimperatane, the pressare §s imaersely propaortional g the volame,
iwseanaing Chat the prodvct ol pressure amd solume renuuais constani:

V= Bl (1

This subseciion presemts the design of a visuo-haptic leamang scenuno that provides students wath zn
intuitive and engnging way o experience Boyle's Low thrawgh both visuol represeniation and factile
interaction,

Fagure §illustrabes o simplificd maodel of this phemamenon wsang o g confined in oo cvlinder with o
movahle pisten, This setap provides an acesssibls way o demonsinate tha compression (decreasing the
gad volume | ancteases pressang, whibe expansion decreases in, all under shermal condinons,

P| E-"r' = FJFE
: —::"1": L.
- ]
Z
P,
L - F"_ v 1y

S

VW% _ A _B_ o g
F,-r.!"'_-_}x"l{ﬂ < Fy

Fipare 1. Wustmation of Boyle's law showing the effects of compeessbon o an Bdeal gas in a closed sysem:
¢ 1} initin] stage, where the gas ocompies o lirger volume with o lower pressares amd (23 compressed state,
whene the reduced valume incrsses the meemal pressure and foree exermsd om b pision.

1z the anitiad state (Frgare 1.1}, the prln i positimed higher, and the gas occopies a langer salume Yy,
The gas molecules are mose widlely spaced, so the frequency of eollisions with the piston surface is bower,
resalting im a relatively smsall pressare @), This pressure produces a force B oo the piston, determioed by
the rebalionship & = P - AL wisene A s e cross-seciiomal area af he pison

Tm nhee second state (Figue 1,21, vhe piston s pushed downword, redacing e avalloble volume o Vg,
Ag the same number ol molecules now occupics & smaller space, their demily mereases. beading o moee
frequent colliseons with the peston surfuce. This greater collision rate elevates lhe pressure o ﬂ"‘;. therehy
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Figure L Visuo-hagtic simulyor imteraction prscess jllustrating pision |.Ii.-.|'|I|||.'|_'n||.':'|I nnid carresponding
hand menvement on the haptic device. As the piston is displaced, the simulator caloulates the comesponding
srgssune vadues and displays them in real time, while akso delivenng proportional resistunce through the
=T ]Y clevies, This combinstsnm of visasl and tactile feedback |ri:;|||||1hl'\-| pher IEwverse Felabomaheg: Berwsen
pressure and volune,

ineresing the exerted foree te Fo. Becouse A 18 consaml, the megase i pressane diveetly tramslanes o
o propsctional inereise in borce, so that &5 = by This direct comse=aml=eftect relationship exemplibes
the irverse relatronship between volume ondd pressurs, enobling lenmers (o connect microscopie particles
inberscians with macroscope guantiises sich as pressune snd foros,

The visuoshaptic sinmelobor desipned for this Bzarning experience exiends the explanntory power of the
traditional dingram. Stsdenis not only observe the compression process visuallv bt alse ol the inonepsed
resiElnee on the pesten theoiagh hapie feedback, Ths dual-channol engagement stiengihens soncepial
uniferstancing by linking the abstract inverse relalionship between pressure and vislume o angible sensory
expericnce, By situnting leamers in an active role, the simulation moiivaces exploraticn and reinforces
comsprebension of ame of e foasdarional gas lows o physics

3.2 Visuo-haptic Simulator Design and Developmant

The wisno-hapily simmalabor wis developed n Sy 20203 LS i6d-banp and Inepraesd with the Ml
tramewaedk, the Inest stable i-bowse version descrebed 10 Escobar-Castilleos et al. (20200 The framework
erahled commumication between the Uniy envieonment znd external baptic devices, facilitating real-time
Biclirectsnnl feedbsck, The sl lano .,-J|'||'!¢||:-_l.'|_'|_'. t-ll'l_'.' £ i -un |'||'|:|- A0S ENEING B .||:|_'||1.|I|."|} sl thee
imyerss relationshep between s pressoee amd vodums under sothermal Somdetions, allvaing aaees o bodls
visalize and plysically experence this phenaomenon thnuogh: synchronized vasaal and tacile fesdback.

Ihe simalation centers on a vimual plston-cy | inder Sy siom iRal nsers ||'IiII|I["|.4|;LL¢ Wil 0 dever conpected o
the paston. Ac Che bever 15 pressed dowrwand, the avaalable gas volume decreases, amd the syslem cabeulmes
the cisresponding pressure changes in real time, The pressaure valoes are displayed romerically and mapped
[T} |}|:'\.:-|_'|-|.n1|r|,.l:'|||| gacrile restuinpce |I'~|i.|'|g thee Ninecar funciion F oA, whese A rEpResenls he pasion &
Crosg=secisomal area. This relaiomshp ensuzes that an meresse i pressune directly ranslates inbo greater
foree feedback, remnforcing Boyle’s Law {5 1) = #515%) through embodied imeraction (Fig. 2.
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321 Technical Implementation.

The sirnulavoe was enecuted on Windvas |7 workstagions eqaipped with el o (7 WOT00K CPL, 22
Lol RAM, arl Nvialia Creteree AEE S0 LGP LS, ensuning stable sendenng and low-lapency huplic esponse.
Pevice calihragion was performed through the HalHL confipuratison module in siandardize stiffaese
cocthiciems (18 M) sod Torce-fecdbeck ranges (-8 N) acroas the Movint Faleow and Geennagite Tevch
syspems. Bacly device was preossoed o venly positional acewrscy aisd equivalent seststance ander denncal
pressure conditions, ensuring comsistent tactile perceplion nomnss Esers,

The graphical neer interace (GLN was designed for clarity ard osabhilay (Fig, 31 Two sliders allow for
the sdjusimment of initinl parwmesters, including cylimder beight sand area. At the s ime, on informuotiosal
il provvides a concise overy bew of Boyle™s Law, sitvating the simuodaton witlsin is theoreteeal contest.
A teal-time data panel displayvs pressure, height, and piston position volues, allowing sindends o verify
simuluted autcemes aml crose-check them with theoreticnl expeciutions,

Figore . Craphical wser mteroe of e visue-haptic simuilstor. The GUL includes adjusiable pasmielers,
real-Lime Teedback on syslem varsahles, and anindormationald panel on Baoyle's Law o sappoct conceplual
urnlersLanding.

By imegrating visual, wexiual, sl haptic nuadalities, the simulator provides an active, multi-sensory
environment in which sadents can experimentally explore the pressure—vedume relationship, iransforming
abatracd was laws e tangible leaming ¢xpedences,

3.3 Testing of the Visus-Haptic Simulator

A3 Measungs

Treevalnate the effectiveness anil user expersence of the viswo=haptes simulabor, a mized-methods approach
wis dopaed, combindng standirdized survey instements with qualitative inerviews It allowsed both
qpaimEitalive msighls mio students’ satislecion and gqualitsiree msights mio thseir perceplions. engagemenl,
anel challenges.
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3.3.1.1 End-User Satisfaction Survey.

The study employed Doll and Torkzadeh (1988)’s End-User Computing Satisfaction (EUCS) survey, an
established instrument for assessing user satisfaction with interactive computer systems. This instrument
was selected for its comprehensive coverage of factors critical to educational technologies. The EUCS
survey evaluates five principal dimensions:

e Content: Assesses the relevance, precision, and comprehensiveness of the information supplied by the
simulator.

e Accuracy: Evaluates the reliability of the simulator outputs, specifically whether the pressure—volume
data and haptic responses reflected Boyle’s Law correctly.

o Format: Examines the clarity of information presentation, including the GUI layout, data visualization,
and interpretability of simulation results.

e Ease of Use: Measures the user-friendliness of the simulator, focusing on navigation, interaction with
the lever, and intuitiveness of parameter adjustments.

¢ Timeliness: Evaluates the responsiveness of the simulator in generating outputs and haptic feedback
in real time.

Responses were collected using Google Forms on a 5-point Likert scale, where 1 indicated strong
dissatisfaction and 5 showed strong satisfaction. Quantitative data were analyzed using Python, leveraging
the pandas library for data processing and matplotlib for statistical visualization. This analysis
provided descriptive statistics, comparative distributions across dimensions, and graphical summaries of
student satisfaction.

3.3.1.2 Qualitative Interviews.

To complement the EUCS survey, semi-structured individual interviews were conducted with participants
to gain a more profound understanding of their engagement with the visuo-haptic simulator. Interviews
were particularly valuable for eliciting reflections on experiential learning, identifying potential usability
issues, and uncovering perceptions that quantitative scores alone could not capture. The open-ended
questions included:

e Can you describe your experience using the visuo-haptic simulator to learn about Boyle’s Law?

e In what ways did the interaction with the simulator help you understand the inverse relationship
between pressure and volume?

¢ How engaging did you find the simulator compared to traditional classroom-based learning?

What challenges or difficulties did you encounter while using the simulator, and how did these affect
your learning experience?

Do you believe the simulator provided advantages over conventional learning methods, and if so,
which were most valuable?

In your opinion, how could visuo-haptic simulators be applied to other areas of physics or to different
subjects?

3.3.2 Participants and Recruitment

A total of 39 undergraduate engineering students from Universidad Panamericana voluntarily participated
between August and November 2024. Participants were enrolled in the engineering program and had taken,
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o were curmently aking, physscs-nelased courses as part of thele eurrseulun. Recoaltment was conduced
through course anmmamoements and fculiy=distribuied invitations. Particapagion was solamtary, with mo
scodemic incentives or rewards,

Imclusiaom crideria required enrollment in e engineermg pragrvm and the abifity fo attend one simalabor
sesssinm, Analents with prior experience in haptic research were excluded to minimize bias, The final
sample incloded 25 mube amd 14 female studenis, with ages ranging from 15 1022 vears (W = 3011,
540 = 1.4}, Figure 4 shivws the senester distribution, which ranged from the first 1o the seventh semester,
The larpest cohor was in the fifth semester (9 stiadents), followed by the fouarth (7 squdents) and the
seaponnd |0 slmbents b, This canpe feflocs a progression Tom carly 1ooadvanced styges of the engineerding
progrim, emunng diversaly o pror physacs experience and Grmabianty wath simulation-based bearming.
Levwer=division stuclents (searestars | =3} were typacally 15=1% yeurs alod and had completed intrecluctory
physkes corses, while upper-division studems (semesiers =71 were generally 21=-22 vears ald and leel
i labsratory expertence with compiizer-based leaming toceds.

Sevresier Distnbubon

n N

n | .
§ —
Ea

]

a . -

1 1 ] 5 B t]
mEr

Figure 4. Semester Disimbotsn of Pardcipans,

The sumple slze (0 = 30 was determined by eqoipment and scheduling cpnsirains, as only taele
haptic devices weie avallable per sessbon. This mintber provided a balance between logistical Feasibiliny
and the sppartunity 1o ohserve diverss user responses sornss semesters. Becsase the study wis explomtory
and focused on percepdions miher than swrtistcal inference, po formal powser analysis was condocked,
The imeplications of this senaple size ase further discossed i be Limaations subsection of i Dascassion,
Monctheless, the sample size is consistent with those used in compomble visuo-haptic simulnbor sidics
e Wuksed e nl, 2T CH et all, 2002000,

Aalelitzemat demographic imlomsation, such as GPA, was il collected, as dbe Tocus of s study was
on shudents” pereeptions of mabiliy, satisfaction, and engagement mther than academic performimce,
Although deawn Trom o single inssituion, pomicipants repeesemted o eross-secteon of stodents within
the engimeenng programn, offermg reasonable varmion o pror physics espernence anmd faodlianty with
lechnolagy-enhancel learming envirenments.
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3.3.2.1 Experimental Devices and Control of Variability.

Two haptic devices were employed: ten Novint Falcon and two Geomagic Touch systems. Both were
calibrated using identical parameters within the HaDIU framework to ensure consistent force feedback
ranges and stiffness coefficients. Each simulation was pre-tested for equivalent tactile resistance under
identical virtual pressure settings. While both devices delivered comparable perceptual experiences, minor
differences in ergonomics and movement range may have influenced users’ tactile perception. This
variability is acknowledged as a potential confounding factor and is further discussed in the study’s
limitations.

3.3.2.2 Procedure.

Each session followed a structured sequence:

1.Introduction (10 minutes). The facilitator welcomed students, explained the objectives of the study, and
presented an overview of the visuo-haptic simulator. Instructions on using the GUI, adjusting parameters,
and interpreting outputs were provided during a live demonstration.

2.Initial Interaction (5 minutes). Participants were encouraged to freely explore the simulator, navigating
the GUIT and experimenting with adjustable variables. This familiarization stage reduced potential usability
barriers and allowed students to gain confidence with the device.

3.Guided Exploration (15 minutes). Participants manipulated the simulator in a structured way to observe
Boyle’s Law in action. They were guided to note how reducing the piston’s height increased pressure and
to compare real-time haptic and visual feedback, reinforcing theoretical-experimental connections.

4.Independent Use (20 minutes). Each student worked individually with the simulator, exploring different
scenarios and noting observations. This stage provided ample time for hands-on experimentation, allowing
participants to apply concepts independently and reinforce understanding through practice.

5.Feedback Collection (10 minutes). At the end of cach session, students completed the EUCS
questionnaire for quantitative feedback. Immediately afterward, individual interviews were conducted
with selected participants to reflect on their learning experience, challenges, and perceived advantages of
the simulator compared to traditional methods.

3.3.2.3 Interview Sampling and Qualitative Analysis.

Following completion of the EUCS survey, participants were invited for interviews using purposive

sampling to capture a range of satisfaction levels and perspectives based on survey responses and availability.

Interviews were transcribed verbatim from written notes and analyzed using thematic analysis following
Kiger and Varpio (2020). Two researchers independently coded transcripts, identified recurring patterns
related to engagement, usability, and conceptual understanding, and refined themes through consensus to
ensure interpretive validity.

3.3.2.4 Data Collection and Rationale.

By combining the EUCS survey data with qualitative interviews, the evaluation captured both broad
patterns of satisfaction and individual perceptions of motivation and usefulness. This mixed-methods
approach ensured that findings reflected not only the simulator’s usability but also students’ attitudes
toward its potential to support learning in classroom contexts.
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4 RESULTS

The analysis combined guanbatve survey dala and qualiaive thematic coding of inlervaew iranseripls
1o privicle a comprehensive view of stodemds” perceptions of the viswo=haptic sinsulaior. Overall, resulis
indicare high sadisfaction with usability aml responsivencas, as well as positive alfective engagemen
with the bearming experence. Chaalaative findings conplement these pattems by revealing more peofioand
insights ins how sodents eaperienced interactivity, mnpﬂ:h.l:m'ilm. arvd Wi vadion.,

4.1 End-Uszer Satistaction Survey Rasults

The conient dimension received an average seore of 35, indbcaing an accepiabde bevel of saisfnciion
with the sdmulster's relevance, precision, snd compaelensiveness (Fig. 30 Ahlsoagh stadents found the
combend helplul, several sugpestsd thal expamding (ke explasitoms aad prsviing additional supgoding
information could offer & richer concep il comiexi. This indicates that while the simalator effectively
coaveys Boyle's Law, 10 may benefit from sapplementary guidsnce or moe detatled annotations,

CEsbribubien of Respongs tor Content Dirmension

- g b &

Fipure 5. Dustribution of Responses for the Conbent Dimenson,

i

&

L

The securscy dimesskss averaged 4.2, indicating strong confidencs in the simualstor's dhilify (o provkde
relinhle outpats (Fig, 61 Students consistently perceived that the disployed valees and hoplic responses
alipred with Bovle's Low, This high rfing reflects the mastworthiness of the mathematical model and the
plrystcal imeracioms, & cructal facvor for edecakonal wols where comcepianl accsracy b central 10 lsamling
dHIlCTITE

The Tormat dimension, rebated w the siractureng and clarity of information, allsined an averape soone of
A 16 0Fig. 71, the lwest among the five dimensions. Thes finding suggests that some stedems experiencesd
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Disaribastion of Ressenses ol Accuraly Dimension

Flgure . Disirbstion of Besponses for the Accurscy Dimensaon.

diffeulizes with the interface’'s visual Toyout, Open comiments suggested thal dense text hlocks and the 303
mavigatin poscd challenges, Enhuncing visual heerurchy, spacing, and navigatien ues could subssangially
trprovs slodents” porcoption of the samulabor™s asability.

The ease of use dimension scored an average of 4, 14, showing that students generally found the simulstor
inuarive {Frg, B Most particapants reporied minbmal difficulty s odjesting pacameters ad imerpretng
outpats after e brief mireducion phase. This sogeests that the samualator schieved a balance between
functionnlity and simplicity, making it nceessible gven for studems with limited experience in haptic
techmebzies,

The highest averige soore was allmned o e nmelmess dirmensaon, with o mean of 440 (Frg. W Sisdents
partkeilarly valued the: immediney of visual wpdaies and hapic responses when manigneluting the piston,
The pzal-tinee feedback belped sustaan engagement and supported expetiential learning by linking casse
anl effect m real tme.

4.2 Thematic Analysis of Interviews

Semi=strciured interviews were anobyzed wsing o oreflexive thematic annlysis approach Fdlowing
Kiger ared Vurplo (30620 Two researchers independently reviewed all mnscripes, conducted open
confing, amel deratively grouped codes inko themses thet selbecisd mecumang pallems an parlcipants”
ﬂ;u:ri-:m;ﬂ. Discrepancies were resolived thrimgh consersos discussions to enhance intenpretive validity,
This progess yielded four major themess: (1) Exgaperment arad Exfovmeny, (30 Usabifind and fereiface
Dexign, {3) Conveprun! Laderdoarading mod Emdmdied Legrrieg, and (4} Perveiven Educatfona Value mod
Transferahility. Table | summarizes these themes with representative guoations.
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Dstribgion ef Aesporses for Format Dimsension
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Figure 7. Dhsnbution of Responses for the Fommat Dusenson

Dasribulan of Responied i Ease & Use Dimenson
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Figure 8. Dadribution of Responses for the Ene of Use Dimension.
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Distributon of Aesgonses for Temediness Dimension

Fratpdmey

Y

rd 7

Flgure Y. Disirbution of Besponses for the Timeliness Dimensaon,

Tabde 1. Mun Themes Ideatified throu

Theniathe Analvais of Inbarviews

Theme Iheirantive | nl U osmmenis
Emrgagement  aml 7 WtE P aoad il Teke ot poorre, Dwal § WS ot el v eaniming Arviiet i g,
Engwmient F anceved fareresied the whole fime Becrase §oonld see ard frel the pressure
clumging.”
Tahility aril | T ine DORIRONE SeeTe TNIMETVE sTer o Jew mTeres,
Irterfoce Design *Kiwme faroas ard texr were srmall) @ chort raorial wosdd kelp new wvers”
CConcepiial "Freling e TETITce e i CONCepil of [IreEsure—Nolue eaiier
Undherstunding gy
and  Enwboubied | Wiew £ mved She pistons aosd felt 0t ged tarder io pah. § undessiood whist
Leurning the formala reailly mearsy.”
Perceived S rown coula bedge iy other paprcs ke thenmagvaeanes or cheruiarn.
Edueational Value | "'y a pood covaplerent e theory hecamse von oo experiment safely and
and Transferability | repeor g8 muscl w8 yow ward,”

4.3 Integration ol Quaniitative and Gualitative Findings

The covvergenes berween survey wod intervbew dota reinforced the rellabilivy of te resulis., High scores
i the eorureey, rare af wre, and fmelinesy dimensions comesponlded with qualitmve reponts descahimg the
simulator a5 “precise.” “responsive.” and “easy o ose” Comeersely, the lower score inthe frmmar dimension
uligned wiarh commests about dense on-seroen inlommation and the seed Toee mare precise guidance,

Siudenan’ vemarks coisitently reflecnsd greates motivatbon and corlosary whes wsang the sbroulator da
during raditional instruction. The wweile intersetion was Treguently cited a5 2 dsmenive feature hat
miade the learnimg priocess more memarahle and intuibive. Farticipants also expressed inlerest in broader
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applecations of visuo-baptic oobs fe other physics topics, emphasizing i pegential 1o ransloonm abstrac)
wualions imo inberactive, expliralory experemes.

4.4 Summary of Key Patterns

Agross hotly dstn sources, four recurrent paiems emenged:

1. High afective engogenent: Studenis described the experience os enjoyable and maotivaging.

2 Positive usahility perceptions: Maost participants foursd e samulator mtiative after manimal guidance,

3 Enhanced concepiual linkape: Tadile feedback helped connect theorsticall relationships o sensory
CRperCice.

4 Transferahility potential: Smdents eavisioned osing viswo-haptic simulators in ether STEM subjects

These themes provide s coherenl inlerprelstion of ea mult-sensony imercton suppens cngagems,
umlerstanding., and perceived educationnd vialue in bechnology-madisted physics beamang,

5 DISCUSSION

The results of this study dermonairae thal e visuo-hapic simmlatoe for undesstanding Bavle's Law was
positively recelved by siodents and promisted strong engagensal witls & tsaditionadly absiraet comeept. The
cmmbination of tactile and visunl compomnents nppears o haye bemsfited Bath the intuitive grasp of theoretical
relationships and stiudess' motivation o ineras with the moierial, Pamicipants consistestly described the
eaprrience 2 imenctive, entertaining. and more engaging than comyventiomal approsches, indwcating that
the simulzior supporied o ransiion from passive ohservation 1o petive explomtion. This Gnding oligns with
broader discussions in educational technology, emphasizing the impartanes of immersion, ineruciivity,
and experential engagement as essentia] components for meaningfal leaming experienoes.

Cine of the cenind contnbutzons of the simulator lies in fis copacity to render abetmct physicnl pranciples
imio mngible imerneions, The simalator allowed panicipanis o manipalang the pestes ond oheerve pressure
chamzes in neal-ine. This corresponds with the principies of embodied cognition, which suggest thai
leaming is srenprhenesd when ahstrocl concepis are anchored in sensory and molor experiences. This
appranch differs from comventional didactic instruction, in which sindents muy memorize formulas withoal
developling an intaateve understaisdiing of the concepts. Aliboagh this sody ded nor diveetly mease
learming oulcomes, panicipants” resposses suggest that multi-sensory inderaction could invrenss curiosity
and perceived comprehension of complex scientific relationships

The motivarional aspect is egqually signifcant, Participants” preference for the shmolator cver traditianal
methods sogpests that intemchve, lechnology=enhamced savimomments may encourage momne possive
nititsdes toward physics, o discipline nfien perveived as challenging, Engngemeni is essential for
malntaining ngerest in STEM fedds, amd tooks such as this simulisor moy help counteract disengagemen
by Fesbering msdivalbon anc enjoyment. The tacle dimensson, in particular, inrsducsd an element of
p'lu:,.'Fanr.ﬁ and explortion meo the leaming process, minf-:ln:ing the notion that affecive experences
it enbance willimpness w bearn, Previcas rescanch on hapiie interfaces n edocation bas reponed similas
alcames, imbculms that louch-besed imeractivily can enhance cunosily and promoede sustamed alfention,
The presend siody extencds these ohservatsons by siluating haptic leamning within the comtext of gas lows,
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51 Comparison with Prior Studies

The engagement antcomes observed in this study align with previods tescarch demonstrating thot
meeractivity and mulii-sensory feedback play centrd rodes in prsmoting active bearming. Samilar to O
et ol (20200 wnid Walsh e Mogons (022, stuidenss in this stialy emphasized the sxpeential volue of
physically Fecling the pressure—volumie nelationship, sugzcsting that the sypcheonization of tactile and
wisunl fesdback reanforos imtuitive anderstanding of abstract concepts. Both prise studics neporisd {hat
combining haptic and visual cees impronved mokivation aed comeepgual clarity—findings consastent with the
high engngement and satisfaciion reponied here, However, while those investigations foonsed on hucyancy
ard Friction, the present work extende visuo-haptic kaming o geo bows, providing eingidcal evidence
Ut multi-sensory inferactisn con facilisale understanding in themmesdynamics. a topic largely unexplared
thrvangh hapile: simlotion,

By visuo-hapte conlexis. the Gndings also nesonale with mescanch on engagensent in echnilogy-
medisted amd immersive kearming enviromments Consistent with Low et ol (2022), interetive siruciunes
prsd immedione fesdback emereed as mgjor drivers of motivation and sestined sttention, These denamics
paralled the Behaviomal, cogmtive, and offective engagemenl mechanisms descrbed by Li and Lam
(2005 mnd Owusu-Agyeman and Larhi-Siazw (2008}, where learner astomomy and reciprocal Teedback
biwops enhance participation amd persisience, In chig suly, tectile resistines and reail-time visial opdis
served comparable functions, creating  respensive diabegae betwaem the Jearner amd system it sostamed
curivmiby-and focus,

Comparnble trends haveé been observed in immersive and virsial reality studies (e.g., Talafian et al., 2019;
Shis nisd Huamg, 2021 Sohnsoin-Cilenberg of sl 20215, wisere experiential desgn aid defeory poo s
that similir benefits can be achieved through localized visuo-hagptic inseraciion without the infrastroctarml
demanids of large-scalie immensive secops. This distinetion highlighis the scalabiliy and aceessibiliny of
wisar-fuitic aols Tor classromn mplamestation, particalady in reseence-limiled eductional envirmmsenis,

These comparisoms position the present study osa bridge between three domains; (1) visuoshapiic kearming
fognmad on embodicd cogmition, (20 immersdve el exiended-reality rescarch anplhaskeing presence und
spatial interaction, amd (3 engagement stadies examinieg feedback and mtcnomy. i digitsl education,
By ntegrating these perspectives, the shady contribubes 1o & more comprehensve umsdenstanding of bow
ictile—viswal feedback can simulianecusdy suppon concepiual, motisaconal, snd experiemkal dimensisos
of learning in physbes educatson,

5.2 Design and Usability Considerations

Despite these strengthe, several arens for improvement became evidenl. The relatively Buwer mtings inghe
forman dimension isddicate thas the simulators visud presentition and terface design conld b aptimized,
Somme stuclests reported dilficulty quickly mberpreting information when the Byout appeansd dense, Such
findimps underscone the imparance of applying asability ponciples in edecational oo design, shere clanty
el stmphicity are cruckal o prevent cognitive overbead. Addressing these concerns in famrs (ceralons could
imyisdye reslmecianng the display (o smphasiee key varables, wing oobor codimg, or inlegraging progressine
disclosure to minimire distractions, Additionaliy, q.'l.aIiLaI.'i'.-'c feedback suggested that mcluding a shon
puoriil or palded walkobrough woald improve secessibliny fon firs-time wers, These recomimendatisns
emphasize the impostaney of comsidermg mal oaly con: functionality bul abso ihe broader user caperience,
encompassing onhoarding ard leamer guidunce.
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5.3 Perceived Educational Yalue and Future Applications

Anather nonable oureoone of the study is the studems” expressed imerest in extending the wee of visgo-
haptic simubaiors bevond Bovle's Law. Purticipans suggessed potentiz) applicatsons s chemisey o
ather areas of physics where ahstmct or counterintuitive concepls pose challznges to underseanding. This
Feedback undencores the approach’s verssility and its patemtial e suppont leaming across discipiines,
W'tdle the greesent stody did ol evalisate the educational rmpact or learming goms, students penceavedd the
sirrmiladnr &5 o valushle mmpi-:rr::nlm classroom msiruction, which could fcilitnee knowledpe e:l:p'lm:tinn
and comeepiual visualization. Extending viswo-haptic simalagions aerres scientific domains coald promiote
a broader pedagozical shilt ioward ex periential. embodied leaming o science,

5.4 Limiations

Severdd lmitations most be acknvaledged. Fiest, the stwdy cmphoyed a convemienos sample Himited 10 a
single institution and a meodest cobort dn = 3, primarnily determined by Ishorasory capacity and aquipmen
avaifahility, Conseguenily, the findings may not geperalize to larger of mere diverse populations. Seconsd,
Pt By pes of haplic devices O Fonboor o Geewaigic Tiaeh) wiare wsed. Despine standas] calibration,
subtle differences in mechamicol response could have inflaenced tacile pl:rp:plinn., imronlucing @ potendial
confounding varishle. Furure research should employ a oniform hardware setup or statistically combrol For
e lype 1o ensire consislency. Thind, qualitative inleyviews melaed purposive sampling, whseh may
hive intriduced selection baas tivverd more conununicating particepants. Finally, the evaluatiom fooused Gn
satislaction, medivaten, and pereeved usshulness mther than messurad aming aulicomes, Subsspeen
stulbes shaonld iscbude pre- dnd post-test desiges o comlnod groups W sseess acual learning gasis sl
rebention. They should wse mexed-method mangulation with lurger, more diverse samples @ strengihen
walkliy

5.5 Broader Implications

The favorstile reception of the vispo-Raptic simulator suggests that integrufing mulii-sessory expenences
inbir scweneg cducation G help bridge the gup botweon abstract theory and tangible caperenoe. S
aeducational contexts increasingly adopt digital 1o0ds, interactive and embodied bechnologies have the
pertential do gnrich students” enpagement with scientific concepts, Moving foeward, interdisciplinary
collabortion ameng educabors, designers. and engimeas will be essential W reline veuo-hagiic tals,
integrge instnectional scaffobis, and expand the eage of saentific phenomena thal can be represented
haprically. With contimmed development and empinical evaluation, sach wools hold promise for enhoncing
mtivigtion o supportisg more meaninglul. experiential apgroaches w sclence leaming.

6 CONCLUSIONS

This study explored the potetinl of » viswo=haptic simulaior o enhance students” engagement and
understundding of Boyle's Law, By intcgrating tocole and visoul Yeedback, the simuliter provided an
inleractive environmend thal enoiuraged mioine exploriiion ol the pressure—yalume relateship, Bather
than assessing leaming oateomes directly, the study Focnsed on stelents™ perceptions of satisfaction,
usabiling, and the simubsor’s pereeived value in supporting classroom beamdng. Suervey and intervies
resulls imdicated high soticfaction in dimensbons such ad sccuracy, case of wae, and esponiiveness,
underscoring the simulolor™s effechivensss as o motvabiomal and expenential bearning kol
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Feedback a0 nevealed areas for relmement, pasticalardy shinplifyng the graphical inverface sl providing
a gusled muworial for first=time gsers. Panicipants expressed interest in applying visao=haptic simulstors o
cilher topics. suggesting their potential for bromder sdoption soross STEM disciplines,

Future reseirch should focus on messwring leaming satcomes aied assessing long-temm effects. Sinlies
imvedving karger and mone diverse partscipant groups, ideslly in ambentie classroom seriings, would cisdble
stronger compansons between visee-hophic and traditinool teaching meibixls. Incorporating pre- and
peirsi-test pssessments, trinsfer-pd-knowledge evaluaions, and conrol prowps will provide degper insights
inte heew cmbodicd, multi-sensory interaction supports concepioal understanding. Expanding hardwane
availahility 2ol ensuring consisient device performance will al=o he necessary for scaling o classmom-level

deplovyment,

Advancing visso-hupric knrning will reguire isterdisciplinory collaboration among educators, designers,
arwl emgimeers. Contigued reflimement of inberlsee design, pedagogical scaffolding, and content aligiment
will help enzare the efective integrtion of this appraach into STEM curricala, While this shady Focused
o stulenis” perceptiong and motivational responses, its findings highlight the potential of visuo-haptic
tewals as engaging aml pecegogically suppostive resounces for experiential sience lsumimg.
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Discusion

Los resultados obtenidos en este estudio permiten analizar € potencial educativo de un
simulador visuo-haptico para apoyar la comprensién de la Ley de Boyle en estudiantes de
ingenieria. En términos generales, los hallazgos muestran que |os participantes percibieron la
experiencia como satisfactoria, intuitiva y Util para vincular los modelos tedricos con una
representacion sensorial mas concreta del fendmeno fisico. Este conjunto de percepciones se
alinea con los principios del aprendizaje activo y con las propuestas de la cognicion
corporizada, que sostienen que lainteraccion fisicay multimodal con los contenidos favorece
la construccion de significados més profundos.

En primer lugar, los resultados del instrumento EUCS indican niveles altos de satisfaccion en
dimensiones como precision, facilidad de uso, formato y oportunidad. Estos datos respaldan la
Hipdtesis 1 (H1), a mostrar que los estudiantes valoraron positivamente tanto el disefio como
el funcionamiento del simulador. La claridad visual de los indicadores de presion y volumen,
junto con larespuesta hgptica asociada al movimiento del pistén, contribuy6 a que |os usuarios
percibieran coherencia entre lasimulacion y laley fisica subyacente. En varias entrevistas, los
participantes mencionaron que “sentir la resistencia’ a comprimir €l gas les permitié
comprender con mayor claridad larelacién inversaentre presion'y volumen, |o que sugiere una
conexion significativa entre la experiencia sensorial y 10s conceptos teoricos.

En relacion con e compromiso estudiantil, los resultados cualitativos muestran que €
simulador actué como un elemento motivador, generando interésy participacion activadurante
la sesion. Los estudiantes destacaron que la posibilidad de manipular directamente el sistema,
observar cambiosentiempo real y recibir retroalimentacion téctil hizo quelaactividad resultara
mas inmersiva y menos abstracta que los enfoques tradicionales. Este patron de respuestas
apoyalaHipotesis 2 (H2), segun lacual €l simulador visuo-haptico incrementa el compromiso
en comparacion con experiencias previas centradas en clases expositivas o resol ucion mecanica
de problemas.

Asimismo, |os hallazgos sugieren que un mayor nivel de compromiso se asocid con una mejor
percepcion de comprension conceptual, 1o que respalda parcialmente la Hipotesis 3 (H3).
Aungue €l presente estudio no midié directamente € rendimiento académico ni la ganancia
conceptua mediante pruebas pretest—postest, la informacion cualitativa indica que los
estudiantes sintieron que comprendian mejor e significado fisico de laley a relacionarlo con
una experiencia manipulable y corporamente significativa. Este resultado coincide con
investigaciones previas que sefidan que las experiencias hapticas pueden facilitar la
internalizacion de relaciones matematicas abstractas a vincularlas con sensaciones fisicas
interpretables.
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Finalmente, los estudiantes expresaron una valoracion positiva del potencia educativo del
simulador, no solo paralaLey de Boyle sino también para otros temas de fisicay asignaturas
STEM. Muchos participantes afirmaron que tecnologias visuo-hapticas podrian ayudar a
“hacer tangible” otros conceptos tradicionalmente dificiles de visuaizar, como fuerzas,
gradientes de presion o interacciones en sistemas mecanicos. Estas percepciones respaldan la
Hipotesis4 (H4), a mostrar que los estudiantes consideran viable y deseable €l uso de este tipo
de herramientas en € futuro.

A pesar de estos resultados favorables, es importante reconocer diversas limitaciones del
estudio. La muestra fue relativamente pequefia y estuvo conformada por estudiantes de
ingenieria con familiaridad basica en temas de fisica, lo que limita la generalizacion de los
hallazgos a otros perfiles académicos. Ademas, € estudio se centré6 en percepciones y
satisfaccion, pero no midio aprendizajes de manera cuantitativa. Esto abre la oportunidad de
realizar investigaciones futuras que comparen e rendimiento conceptual entre estudiantes que
utilizan simuladores hapticos y aquellos que emplean métodos tradicionales. Sin embargo, la
cuestion actitudinal y la apertura de los métodos abre camino para diferentes tipos de estudios
posteriores. Otra limitacion es que la experiencia fue breve y realizada en un entorno
controlado; futuros trabajos podrian explorar €l uso prolongado del simulador dentro de cursos
completos o actividades de laboratorio, que pudiera desencadenar en la generacion de
protocol os de laboratorio que se integren alos planes formales de estudios.

En conjunto, los resultados sugieren que la integracion de tecnologias visuo-hapticas en la
ensefianza de la fisica puede mejorar el compromiso estudiantil, facilitar la comprension
conceptual y ofrecer experiencias educativas més significativas. El simulador desarrollado en
esta tesis representa un paso hacia la creacion de entornos de aprendizaje mas humanos que
conecten de manera mas estrecha la teoria fisica con la experiencia sensorial, alineandose con
las tendencias contemporaneas de educacion STEM y los principios de la cognicion
corporizada.

Conclusiones

El presente estudio tuvo como propdsito disefiar, desarrollar y evaluar un simulador visuo-
haptico orientado a aprendizaje activo de laLey de Boyle en estudiantes de ingenieria. A
partir de los resultados obtenidos, es posible afirmar que la integracion de retroalimentacion
visual y hptica constituye una via prometedora para apoyar la comprension de conceptos
abstractos en fisica, a proporcionar experiencias manipulables y sensorialmente
significativas que complementan |os enfoques tradicional es de ensefianza.

L as evaluaciones redlizadas mediante el instrumento EUCS mostraron niveles elevados de
satisfaccion en dimensiones como precision, formato, facilidad de uso y oportunidad. Estos
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resultados sugieren que el ssmulador no solo fue percibido como una herramienta funciona y
coherente con |os model os tedricos, sino también como un recurso didéctico accesible y
atractivo. Asimismo, el analisis cualitativo de las entrevistas revel 6 que lainteraccion fisica
con el sistema piston—cilindro contribuy6 aincrementar e compromiso de |os estudiantes,
permitiéndoles vincular la relacion presion—volumen con sensaciones corporales directas.
Estas percepciones respaldan las hipodtesis planteadas y coinciden con los postulados de la
cognicién corporizaday del aprendizaje activo, a mostrar como la experiencia multimodal
favorece la construccion de significados mas profundos.

Aungue los resultados son alentadores, esta tesis presenta limitaciones que deben
considerarse. Lamuestrafue reduciday el estudio se centrd en percepciones, sin incorporar
mediciones directas de ganancia conceptual. En €l futuro, seré necesario evaluar €l impacto
del simulador en el rendimiento académico mediante disefios experimentales mas amplios y
comparativos. También seriavalioso explorar laintegracion del simulador en cursos
completos de fisica, asi como su adaptacion para abordar otros fendmenos donde la relacion
entre variables fisicas pueda representarse mediante retroalimentaci 0n haptica.

En conjunto, los hallazgos de esta tesis aportan evidencia sobre el potencia de los
simuladores visuo-hapticos como herramientas educativas en €l ambito STEM. El trabajo
realizado demuestra que es posible disefiar experiencias de aprendizaje que combinen teoria,
visualizacion y sensacion fisica de manera arménica, generando entornos mas inmersivos,
motivadores y pedagdgicamente relevantes. Este tipo de tecnol ogias abre oportunidades para
repensar cdmo se ensefian conceptos complejosy para promover un aprendizaje més
significativo mediante lainteraccion directa con representaciones digitales del mundo fisico.
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