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ABSTRACT

The primary aim of this study is to evaluate théeaiveness of a Virtual
Reality (VR)-simulated system in training fine miogkills that can be transferred to the
performance of manual tasks in the real world. VResystem presented in this thesis
enables training following fundamental methods suash part-task and whole-task
training, in realistic simulations which are enhashcthrough haptic interaction. A
fundamental advantage of using virtual reality fairting is the ability to provide
specific types of augmented feedback which canagirbvided in the real world.

The work presented in this thesis fits within tltege of ManuVAR (Manual
work support throughout system lifecycle by exphgt Virtual and Augmented
Reality), a European Union (EU) funded Seventh &éawrk programme project which,
among other things, aimed to support motor skaiining in high value high knowledge
manual work by using Virtual Reality technologie&. case study in industrial
maintenance is presented: the metallographic m@eplec nondestructive inspection
technique that requires fine grinding and polishaigthe inspected area. The motor
skills required for the performance of these tasikgst be particularly accurate.
However, those motor skills consist of a tacit kfemge which is hard to transfer from
experts to trainees.

This thesis focuses on the design and the evaluatiaa VR training system
which aims to supplement the motor skill trainirigditionally carried out for the
performance of fine grinding and polishing taskise VR training system was designed
on the basis of functional and customer requirena@atyses which enabled defining
the functionalities that allow solving the issuésttarise when training in the real
world.

Two experimental studies were designed to invegtigahether a training
program inspired by part-task and whole-task trejnimethods, along with the
provision of augmented feedback, enabled trainiregnhotor skills that are relevant for
the performance of fine grinding and polishing taskhe first experimental study
explored the effectiveness of part-task trainingrenperformance of a polishing task in
a virtual environment. The second study evaluabed dffectiveness of the complete
training program for both tasks and investigated tapability of the VR training
system to discriminate between several levels pédise.



The outcomes of the experimental studies showffieetezeness of the training
carried out on the VR training system, showing nregiul accuracy improvements
throughout the performance of motor skills. Thisyas the internal validity of the
proposed training. Moreover, the construct validifythe system is also suggested
through the discrimination between expert and nqred operators. On the basis of
these findings, the external validity of the VRinrag system to train the fine motor
skills that are relevant for the performance oefgrinding and polishing tasks in real
operating environments can be established.

This work supports the hypothesis that VR enhangéd haptic force feedback
can be useful for training fine motor skills, commplenting the traditional training,

which is carried out in real operating environments
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RESUMEN

El objetivo principal de este estudio es evaluaefiaacia de un sistema de
entrenamiento de Realidad Virtual en el adiestratoigle habilidades motoras finas,
transferibles al desempefio de tareas manuales ranrelo real. Este sistema permite
ejercitar siguiendo métodos fundamentales de eartteamto como el método analitico
(part-task trainingen inglés) y el método globalvole-task trainingen inglés), a
través de simulaciones realistas que incluyen taraacion haptica. Una de las
principales ventajas del entrenamiento en sistetaeaRealidad Virtual como el que se
presenta en esta tesis es la posibilidad de ssin@inuna retroalimentacion aumentada
gue no puede ser proporcionada en entornos reales.

El trabajo presentado en esta tesis se inscribel éambito de ManuVAR
(Manual work support throughout system lifecycle lexploiting Virtual and
Augmented Reality), un proyecto europeo del 7° yanog Marco, que, entre otras
cosas, tiene por objetivo fomentar el entrenamieetdabilidades motoras finas en el
trabajo manual de alta cualificacion y de alto waloediante el uso de la Realidad
Virtual.

El término Realidad Virtual se refiere tradicionalme a una interfaz
informatica que proporciona unas simulaciones ga&fiinteractivas e inmersivas,
permitiendo que un usuario tenga la sensacion tde gsrceptualmente involucrado en
un entorno virtual. Con frecuencia se ha emplead@ @mpoyar la formacién de
habilidades motoras y de procedimiento en campds cieugia y de la industria.

Este trabajo presenta un caso de uso en el mamemdmndustrial: la réplica
metalografica, una técnica de inspeccion no ddsteucue permite reproducir la
topografia de la superficie de un material sobra fima pelicula de plastico como si
fuera un negativo de la misma. El proceso de @abn de la réplica metalografica
resulta adecuado para la obtencidén de reproducdEnta microestructura en campo y
su posterior analisis en el laboratorio. La obt@nale la réplica metalogréafica requiere
la preparacién previa de la superficie de los neesr que se tiene previsto
inspeccionar. El objetivo es eliminar las escam@a®xldo e impurezas, con el fin de
revelar la microestructura de la superficie delenat libre de deformaciones, arafiazos
y otros defectos que pueden alterar la calidadad@plica. Esta fase de preparacion

consiste en una serie de procesos abrasivos dlegae a cabo a través de varias tareas
Vi



de desbaste grueso y fino y de pulido asi commdeatamiento quimico. Esta tesis se
centra tan solo en la realizacion de tareas deadesHino y de pulido en el contexto
previamente explicado.

La realizacion de una tarea de desbaste fino peelithinar las capas de 6xido
residual de la superficie del material inspecci@natilizando una herramienta rotativa
de precision a la que se le acoplan discos ded8jaliametro pequefio de distinta
granulometria. La orientacion de la herramientay@icarse sobre la superficie del
material debe modificarse 90 grados en comparaciim la tarea precedente de
desbaste fino. Por otra parte, la realizacion de tamea de pulido permite alisar
mecanicamente la superficie del material inspeeclon utilizando la misma
herramienta rotativa de precision equipada con ga@opulido a los que se les aplica
una pequefia cantidad de pasta de diamante. Lalgmetuia de la pasta de diamante
gue se aplica va disminuyendo a medida que serkpiarea de pulido. El objetivo es
obtener una superficie especular totalmente liereagias. Las habilidades motoras que
se necesitan para la ejecuciéon de dichas tareas deb particularmente finas.

La ensefianza de dichas tareas se produce tipiaivaotla supervision de un
experto en metalurgia que previamente ha llevaciba demostraciones practicas y ha
proporcionado directrices verbales acerca de leactmisticas de los movimientos a
realizar. Mientras el alumno ejercita una tareaxglerto a veces destaca los errores de
movimiento cometidos en forma de comentarios. &ibargo, debido a la naturaleza
de las tareas de desbaste fino y de pulido quedanpia observacion de la superficie
del material mientras se estan llevando a cab@xpkrto no puede proporcionar
informacion acerca del estado de cumplimiento de tdaea. Este tipo de
retroalimentacion solo puede ser facilitada en tu#a tarea haya sido completada.
Ademas, algunas de las habilidades motoras quegggeren en ambas tareas, tales
como la aplicacion de una fuerza y una inclinaeidacuada de la herramienta sobre la
superficie del material inspeccionado, son difcitle evaluar con exactitud. Dichas
habilidades constituyen un conocimiento tacito gseificilmente transferible de los
expertos a los alumnos mediante directrices vesb&er lo tanto, el experto puede
dificilmente proporcionar una retroalimentaciongsa al alumno.

En esta tesis se propone que el uso de las tedaslag Realidad Virtual
permite resolver algunos de los problemas que sudygante el entrenamiento
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convencional en tareas de desbaste fino y de pufisiudios previos han demostrado

gue la Realidad Virtual permite:

1. La evaluacion del cumplimiento de los objetivoslaearea y de las
habilidades motoras ejercitadas de una manerawabjet

2. El uso de métodos fundamentales de entrenamientbaBididades
motoras que dificilmente se pueden implementat enterno real.

3. El suministro de informacion aumentada precisa goepuede ser
facilitada en el mundo real.

4. La simulacion realista de modelos fisicos de im&itm.

Esta tesis se centra en el disefio y la evalua@amdsistema de entrenamiento
de Realidad Virtual que tiene por objetivo reforzat adiestramiento que
tradicionalmente se lleva a cabo para el desard#ldas habilidades motoras finas
necesarias durante la realizacion de trabajos sleadte fino y de pulido. El estudio se
centra en las habilidades motoras finas de fueptigada y de inclinaciéon de una

herramienta de trabajo sobre la superficie de uenah

Disefio y desarrollo de un sistema de entrenamieném Realidad Virtual

El sistema de entrenamiento fue disefiado basamioskandlisis de requisitos
funcionales y de usuario, permitiendo definir laadionalidades que solucionan los
problemas que surgen durante el entrenamiento emueldo real. El desarrollo
resultante propone, junto con el sistema de entrmmao de Realidad Virtual, un
conjunto de items que permiten la elaboracion des ypmogramas de entrenamiento de
manera flexible.

El programa de entrenamiento permite parametrizadiestramiento que se
lleva a cabo en el sistema de Realidad Virtual, ebrobjetivo de ejercitar las
habilidades motoras de fuerza aplicada y de inciiimade la herramienta siguiendo
métodos fundamentales de entrenamiento como eddm@iaalitico y el método global.
El método analitico de entrenamiento permite dgardas habilidades motoras que
componen una tarea de manera independiente y ¢anjiEste método se basa en
primer lugar en la descomposicion de una tareanesub-conjuntos de componentes
con el fin de practicar estos elementos de forngepandiente. Una revision de la

literatura cientifica ha permitido identificar vasitécnicas de descomposicion:



1. La segmentacion, que consiste en separar habidadtoras que suelen
realizarse de manera secuencial.

2. El fraccionamiento, que consiste en separar haloiid motoras que se
suelen realizar conjuntamente.

3. La simplificacion, que consiste en actuar sobre aaracteristica de una

habilidad motora con el fin de facilitar su ejecurci

El método analitico de entrenamiento también sactaniza por la manera con
la cual las habilidades motoras aisladas o singplifas segun una de las técnicas de
descomposicion presentadas se recombinan con elddinpoder ser ejercitadas
conjuntamente permitiendo asi la reconstruccioadierea global. Tres métodos de

recombinacion destacan en la literatura:

1. El método analitico-global, que permite entrenaftachabilidad motora
de manera independiente y una vez la ejecucion esdtante fina, se
reconstruye la tarea global con el fin de ser gépta. Este método es
apropiado para habilidades motoras organizadasadena sequencial.

2. El método analitico progresivo permite en primeagalupracticar dos
habilidades motoras de forma independiente quenlsegasocian con el
fin de ser ejercitadas conjuntamente. Cuando alim@anto se vuelve
optimo, se entrena una nueva habilidad aparte golise afiade a la
asociacion de habilidades existentes. De esta malsetarea global se
reconstruye de manera gradual incluyendo nuevafidam®es motoras.
Se considera que este método de recombinaciéon teetma mejor
conprension de las habilidades motoras que comptmearea. Este
meétodo se considera apropriado para ejercitarilatgés motoras que se
suelen realizar de manera concurente en la taogalgl

3. El método analitico repetitivo permite ejercitarauprimera habilidad
motora de manera independiente. En cuanto el réewlion de dicha
habilidad se vuelve 6ptimo, se le aflade una seguaioiidad, luego una
tercera y asi sucesivamente, con el fin de pracgtauevo conjunto
hasta que la tarea global esté completamente rtegilas Al igual que
el método analitico progresivo, este método permitea mejor

comprension de las habilidades motoras que complantarea global.



Sin embargo, este método es mas apropriado pareitajeaquellas

habilidades motoras cuyos componentes son depéeslida otras. Por
ejemplo, para aprender a tocar el piano, se eeetitun primer lugar
con una mano, luego se afade la otra mano y alsinpuede hacer uso

de los pedales.

Por otra parte, el método global permite ejeraitaa tarea tal y como se haria
en un entorno real.

Asimismo, un programa de entrenamiento permiteiayest el suministro de
retroalimentacion aumentada a lo largo del prodesadiestramiento. La informacion
proporcionada puede ser relativa a la evaluaciboueplimiento de los objetivos de la
tarea o al rendimiento, es decir, a la medida en lgs habilidades motoras que se
requieren en dicha tarea se realizan con éxitditémmatura cientifica hace referencia a
la retroalimentacion aumentada que proporcionarnmigion acerca del cumplimiento
de los objetivos de la tarea como conocimientcodedsultadosnowledge of Results
(KR) en inglés). Por otra parte, se refiere a feoedimentacion aumentada que informa
acerca de la realizacion de las habilidades motaa® conocimiento del rendimiento
(Knowledge of Performanc@P) en ingles). Estas retroalimentaciones puesiren
tiempo real y terminales en cual caso se propoacabiinal de la tarea.

A lo largo del entrenamiento siguiendo el métodaliéino, se puede emplear un
conjunto de indicadores visuales y auditivos quepprcionan una retroalimentacion
aumentada en forma de conocimiento del rendimigml® los resultados en tiempo real
asi como de conocimiento de los resultados de maeeninal. El sistema de Realidad
Virtual permite ademas favorecer el aprendizajeualier el entrenamiento con el método
global, utilizando un indicador visual en forma oepa de color que proporciona
conocimiento de los resultados en tiempo real.

El desarrollo presentado en esta tesis tambiényaaln modelo de interaccion
haptica que permite la simulacion de las sensasionginsecas resultantes a la
manipulacion de una herramienta rotativa de pr@tiseal sobre la superficie de un
material. También ha sido implementado en el siatdm entrenamiento de Realidad
Virtual un modelo matematico, desarrollado conirelde apoyar la simulacion de la
interaccion de la herramienta sobre la superfigk ndaterial inspeccionado. Dichos
modelos se han desarrollado y verificado de mahetaistica. Dos expertos en la
realizacion de la réplica metalografica, provergsrde la empresa madrilefia Tecnatom
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S.A., una empresa de ingenieria que presta sesvided mantenimiento a plantas

industriales y quimicas, han participado en la@iation de dichos modelos.
Evaluacion del sistema de entrenamiento en Realidadirtual

Se disefiaron dos estudios experimentales con @éfinvestigar si un programa
de entrenamiento inspirado en un adiestramiento sigige los métodos analitico y
global, junto con el suministro de informacion aataga, permite entrenar algunas de

las habilidades motoras finas que se requiereastateas de desbaste fino y de pulido.

Estudio experimental 1

El primer estudio experimental explora la eficad&h entrenamiento siguiendo
el método analitico en el desempefio de una targ@al® en un entorno virtual. Para

este estudio experimental, se formularon dos higexperimentales:

1. El método analitico de entrenamiento permite amalo ser mas eficaz
en la realizacion de las habilidades motoras queméren en una tarea
de pulido tales como la inclinacion de la herrart@enla fuerza que se
aplica sobre la superficie del material inspecailana

2. EI método analitico de entrenamiento permite temsf estas
habilidades motoras al desempefio de una tarea etangj@ pulido en un

entorno virtual.

El experimento fue realizado con un total de 3Cetssj (14 hombres, 16
mujeres). Todos eran estudiantes o personal decigerde la Universidad de
Nottingham (Reino Unido), y sus edades estaban mmdmlas entre 18 y 65 afos
(Media = 30,21, SD = 2,85). Ninguno de ellos présiea defecto visual no corregido o
problema fisiolégico en al brazo o antebrazo. Tolbss participantes eran diestros
excepto uno, y eran novatos en la manipulacionedeaimientas eléctrica asi como de
dispositivos hapticos. La participacion en el éxpento se hizo de manera voluntaria.

Los sujetos se sentaron delante de una pantalla hi@diinensional de gran
tamano con la mirada a la altura del centro delitnoriJn dispositivo haptico del tipo

Phantom Desktop se encontraba delante de ellosiguato en medio del ancho del

Xii



monitor. Este dispositivo les permitia interactgabre un area de inspeccion que se
encuentra sobre una tuberia industrial simuladareentorno de Realidad Virtual, a
través de una herramienta rotativa de precisidmalirLa herramienta estaba simulada
visualmente y mediante el dispositivo hptico. ¥arsonidos de entornos industriales
asi como de dicha herramienta en funcionamiente@edujeron durante la realizacion
del estudio experimental.

El experimento se compone de una fase de famdieidn con la tecnologia
haptica, una fase de entrenamiento siguiendo ebduéanalitico y de una fase de
evaluacion durante la cual los sujetos intentalearall a cabo una tarea de pulido en el
area de inspeccion. En esta ultima fase, se hiaadasun ejercicio de entrenamiento
siguiendo el método global.

Por una parte, el método analitico propone entriasanabilidades de fuerza y
de inclinacion de manera independiente y conjuntea@és de una serie de items.
Durante este entrenamiento, se le pidié al sujet tgatase de mantener de manera
continua una habilidad individual o bien un congude habilidades motoras entrenadas
dentro de unos rangos durante un tiempo de 15 deguBe suministraba informacion
aumentada en forma de conocimiento del rendimi@motiempo real durante la
realizacion de cada item con el fin de facilitadesarrollo de estas habilidades motoras
finas. También se proporcionaba informacion aunsentaonocimiento terminal de los
resultados) al final de cada item. Por otra paitenétodo global permite realizar una
tarea de pulido tal y como se hace en el mundo Aggli se afiadié informacion
aumentada que permitia ir conociendo los resultatiosempo real; en concreto, un
mapa de color que indica el ratio de cumplimentdadtarea en cada punto del area
inspeccionado. Se utilizé un rango de colores tpaecaba desde el verde intenso, para
indicar un cumplimento completo, hasta el rojo yigara una tarea no empezada. En
medio de este rango, se observan matices de naramurillo para sefalar el estado
inacabado de la tarea.

El estudio sigue un disefio entre-sujetos. Se riepamt los participantes de
manera aleatoria en tres grupos. Cada grupo eatadpaado a una condicidon Unica de
entrenamiento: Full Training” (FT), “Haptic familiarization Training (HT) y
“Control Training (CT). Cada condicion incluye una fase de famitiaciéon a la
tecnologia haptica, una fase de adiestramientcayfase final de evaluacion. Antes de

cada fase, el sujeto recibe unas explicacionesalerbtextuales y graficas acerca del
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objetivo de la fase, de la informacion que se &s@nta en la pantalla y de las fuerzas
gue genera el dispositivo haptico.

Los sujetos que pertenecian al grupo FT primek@ttn a cabo unos ejercicios
de familiarizacion, y luego el entrenamiento sigdie el método analitico. Este
entrenamiento se compone de diez ejercicios orgdo&zen 4 items de 60 segundos
cada uno. Con el fin de hacer la practica mashiactl principio, la componente de
movimiento se quitd durante los cinco primeroscij@rs. Sin embargo, para que la
dificultad del entramiento sea mas equilibrada, vemque las habilidades motoras se
han consolidado, dicha componente se reincorpotasegjercicios 6 a 10. Primero, se
sugirieron tres patrones de movimientos a travédeslejercicios 6 a 8; posteriormente
los sujetos eran libres de escoger el patrén demiento que mas les convenia.

En cada item, el sujeto debia mantener de maneringa las habilidades
motoras entrenadas dentro unos rangos durantempdide 15 segundos. Estos rangos
incluyen una inclinacion de la herramienta virteatre 0° y 10°, y una fuerza aplicada
entre 1N y 5.3N. En el item 1, se entrenaba Unioéarla inclinacion de la herramienta
mientras que en el item 2, se ejercitaba la fueua se aplicaba de manera
independiente. En el item 3, ambas habilidades na®tgse practicaban de forma
simultanea. En estos tres items, se suministrommd@oion aumentada en tiempo real en
forma de conocimiento del rendimiento, que indicabavalor de las habilidades
ejercitadas con respeto a los rangos, y de coneatmide los resultados, que consistia
en el tiempo restante para cumplir el objetivoiterh. El item 4 era idéntico al item 3
pero la informacion aumentada en forma de conoditmialel rendimiento no se
proporcionaba.

Al igual que los sujetos que pertenecian al grupolés de grupo HT primero
llevaron a cabo unos ejercicios de familiarizaci®in embargo, ellos no fueron
adiestrados fisicamente siguiendo el método ar@léino que vieron una pelicula que
les ensefiaba una captura de pantalla durante sida ske entrenamiento llevada a cabo
por un usuario experto.

Los sujetos del grupo CT no fueron familiarizadoa ta manipulacion haptica
sino que vieron una pelicula de un experto llevardaabo los ejercicios de
familiarizacion. Tampoco recibieron entrenamienigicb, sino que vieron el mismo

video de entrenamiento que los sujetos del grupo HT
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Finalmente, todos los sujetos llevaron a cabo atamea de pulido simulada en
un entorno virtual con la ayuda de informacion antad@a de tipo conocimiento de los
resultados en tiempo real, en forma de un mapaolde posicionado por encima del
area de inspeccion y magnificado en una ventaraizada a la derecha de la pantalla.
Esta evaluacion permite valorar el efecto de ladmon de entrenamiento siguiendo el
meétodo analitico sobre la realizacion de las hddmles motoras que se requieren en una
tarea de pulido.

Durante la fase final de evaluacién, se midieroreetlimiento en la realizacion
de la tarea de pulido y la precision en la real@@ade las habilidades motoras de fuerza
y de inclinacion. También, se pidio a los sujetakrar una serie de puntos y dar su
opinién acerca de su condicidon de entrenamientde yas simulaciones gréaficas y
h4pticas, entre otras cosas.

Se realiz6 un analisis estadistico (ANOVA) de laglitiones de rendimiento y
de precision. Los resultados indican que los ssijgte fueron asignados la condicion
de entrenamiento FT resultaron significativamentejores que los otros sujetos.
Dichos sujetos fueron capaces de alcanzar un gtadcumplimiento de la tarea de
pulido significativamente mas alto. Se encontratiderencias significativas en cuanto
a la precision de las habilidades motoras ejeragadunque solo se encontrd0 una
diferencia marginalmente significativa entre logetas de FT y CT en cuanto a la
precision de la inclinacion de la herramienta. Bwa parte, se realizo un analisis de
tipo no paramétrico (Kruskal-Wallis H-Test) de laoraciones proporcionadas, que
demostré una diferencia significativa entre logtg de FT y los de HT en cuanto a la
facilidad de la interaccion haptica, la percepdi@h rendimiento y la percepcién de la
eficacia del entrenamiento. Sin embargo no se ¢razon diferencias entre los sujetos
de los grupos FT y CT y tampoco entre HT y CT.

Se realizaron también un analisis de los comermstaiguiendo una metodologia
de clasificacion de contenido en temashéme-Based Content Analysf$BCA). El
analisis de aquellos comentarios sugiere la coidpl#jde llevar a cabo las habilidades
motoras de fuerza aplicada y de inclinacion de daramienta en ausencia de
entrenamiento fisico previo con el método analitico

Estos resultados sugieren la eficacia del entrezr@misiguiendo el método
analitico para apoyar al desarrollo de habilidatkesoras finas tales como la fuerza

aplicada y la inclinacion de la herramienta solaesuperficie del material y la
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transferencia a una tarea simulada de pulido. Qinaego, el video asociado a la fase
de familiarizacion a la tecnologia haptica en ladiaon de entrenamiento CT parece
tener un efecto leve sobre el aprendizaje de lmawdn de la herramienta. Aunque es
necesaria mas investigacion para determinar coromexactitud el efecto de aquel

video.

Estudio experimental 2

El segundo estudio experimental evalla la efe@tide todo el programa de
entrenamiento para ambas tareas, e investiga &icagol del sistema para diferenciar
entre varios niveles de experiencia. Este estudieremental se llevé a cabo en las
instalaciones de Tecnatom S.A. en San Sebastidosd®eyes (Spain), dentro del
ambito de la fase de demostracion del proyectopeardlanuVAR. Seis técnicos no
expertos (1 mujer y 5 hombres) con edad incluideee30 y 55 afos, acostumbrados a
manipular herramientas eléctricas, participarorekeestudio. Ninguno de ellos tenia
conocimientos previos de manipulacién con dispasstihapticos. Aquellos sujetos se
repartieron de manera aleatoria en dos grupos.daA gaupo se le asign6 una tarea de
desbaste fino o de pulido. También dos expertosmiines) en reproducciéon de la
técnica de replica metalografica de edad 31 y 3 a$tuvieron involucrados en el
proceso de evaluacion.

Este estudio experimental estuvo compuesto de gpsrimentos. El primer
experimento evalla la eficacia del entrenamierngoishdo el método analitico para
tareas de desbaste fino y de pulido. Para esteimgrdo, se planted la hipétesis de que
el método analitico de entrenamiento, ademas duritreral alumno ser mas eficaz en
la realizacion de las habilidades motoras finas spieequieren en una tarea de pulido
como se ha demostrado en el primer estudio expetaneresentado en esta tesis,
también sirve en el caso de una tarea de deshaste H segundo experimento
investiga la eficacia del entrenamiento siguientlométodo global y examina la
capacidad del sistema para diferenciar entre eogeyt no expertos. Para este

experimento, se formularon dos hipotesis:

1. El método global de entrenamiento lleva de mandeatiea a una
mejoria de rendimiento en la realizacion de unasatade desbaste fino

y de pulido.
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2. Las simulaciones de tareas de desbaste fino y lddgropuestas en el
entrenamiento con el método global proporcionanrenrepresentacion
realista del trabajo en el mundo real permitiendstirdyuir entre

differentes niveles de experiencias acquiridosl @emuado real.

En ambos experimentos, cada sujeto se colocabaedenfyrente de una gran
pantalla tridimensional a través de la cual segeodiualizar el entorno virtual relativo
al entrenamiento con los métodos analitico y globak sujetos llevaban gafas de
visidn estereoscopica pasiva que les permitia Ipiedei profundidad en dicho entorno.
Los mecanismos de cambio de punto de vista esiafiamentados en la simulacion
para evitar que la visualizacion tridimensionalrigué distorsiones. Para ello se hizo
uso de unos sensores reflectantes de luz inframaatados sobre las gafas. Se rastred
la posicion de dichos sensores utilizando un cdajde camaras infrarrojas repartidas
alrededor de la sala de experimentacion. Un digposhaptico del tipo Phantom
Desktop se dispuso delante de pantalla, elevadtaldenanera que el espacio de
manipulacion en el mundo real cuadrara con el éspkectrabajo en el entorno virtual.
Este dispositivo permitia controlar en posiciénriemtacion una herramienta rotativa
de precision virtual con el fin de interactuar solhm area de inspeccidon que se
encontraba en el lateral de una tuberia industmmatlada en un entorno de Realidad
Virtual. Al igual que en el primer estudio expermtad, varios sonidos de entornos
industriales asi como de la herramienta en funone@to se reprodujeron durante la

realizacion de las tareas.

Experimento 1: Evaluacion del entrenamiento comélodo analitico

En el primer experimento, los sujetos de cada gheparon a cabo una fase de
pre-evaluacion, una fase de adiestramiento sigaiehdnétodo analitico y finalmente
una fase de post-evaluacion. La fase de pre-evaluae compone de 6 ejercicios
durante los cuales se evaluaron las habilidadeoramtde fuerza aplicada y de
inclinacion de la herramienta sobre la superficéd mhaterial. El entrenamiento fue
reducido, por falta de tiempo para realizar un distunds completo, a dos ejercicios
compuestos de 4 items cada uno. Al igual que eprigler estudio experimental
propuesto en esta tesis, cada item permitia eeramdependientemente o
conjuntamente las habilidades motoras de fuerzaaalal y de inclinacion de la
herramienta. Se le pedia al sujeto que intentasgemer la o las habilidades ejercitadas
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dentro de unos rangos propios a la tarea quedbasisignada de manera continua por
un periodo de tiempo de 10 segundos. Estos ranghgan una inclinacion entre 75° y
900, y una fuerza entre 1N y 5N para una tareaedbaste fino y de 0° hasta 20°y 1N a
5N para una tarea de pulido. Los items se presantdrigual que en el primer estudio
experimental. También se suministraba informaciimentada en forma de
conocimiento del rendimiento para apoyar al deflarde dichas habilidades motoras
durante los tres primeros items y en forma de domiento de los resultados durante y
después de cada item.

Finalmente, los sujetos llevaron a cabo una faseadt-evaluacion de igual
disefio que la fase de pre-evaluacion. Durante affialsas, se midieron el numero de
items correctamente cumplidos asi como el tiempauwaplimento con el fin de
subrayar el efecto del entrenamiento con el métadalitico para ambas tareas.
También se recopilaron las impresiones de los aaijetediante cuestiones abiertas y
cerradas con respuestas tipo Likert.

Los resultados de aquel experimento sefialan quenteénamiento con el
método analitico permite a los sujetos cumplir sotlus items en la fase de post-
evaluacion con un tiempo medio mejorado de manaevante. La hipotesis inicial
gueda entonces verificada. Ademas, todos los sujedn valorado positivamente la
retroalimentacion aumentada en forma de conocimidet rendimiento que informa
del valor de las habilidades motoras finas ejatasdaque se suministré en tiempo real a
través de unos indicadores graficos asi como etmgrniento en general. Sin embargo,
se ha observado que el realismo de los entorndgalds en cuanto a grafismo y

precision en la interaccion haptica podrian seoraeis.

Experimento 2: Evaluacion del entrenamiento comélodo global

En el segundo experimento, se mantuvo la repantid® los sujetos en sus
respectivos grupos y se incluyeron a los dos eapem el disefio experimental.

En un primer lugar, se investigo la eficacia derearamiento con el método
global para apoyar el aprendizaje a través dedbzaeion de unas tareas de desbaste
fino y de pulido. En primer lugar, los sujetos ngertos llevaron a cabo una breve
tarea de familiarizacién seguida de una fase deeymiacion de 3 minutos. Durante
esta fase, se le pidio a los sujetos que realizartarea que les habia sido asignada al

principio del estudio experimental. Posteriormdontesujetos ensayaban la realizacion
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de dicha tarea a través de dos ejercicios de tmestos cada uno. Adicionalmente, se
podia suministrar el mapa de color, bajo peticitimante 10 segundos seguidos.

Finalmente, los sujetos llevaron a cabo una faggodeevaluacion disefiada de
igual manera que la fase de pre-evaluacion. En arfdses, se midid el nivel de
cumplimiento de la tarea asociada a cada sujetoetdin de destacar la eficacia de
aguel entrenamiento.

Los resultados ponen de manifiesto la tendencizergé a la mejora del
rendimiento después después del entrenamiento Icamétedo global. Aunque, las
mejoras son leves en el caso de la tarea de deshast el rendimiento de los
aprendices en general tiende a mejorar. Sin empbagandose sobre trabajos previos,
se puede esperar una mejoria mas relevante en aate@s con un tiempo de
entrenamiento mas largo. En este caso, se pued@&eoar que la hipotesis inicial se
ha verificado.

En un segundo lugar, se investigé si las simulasopropuestas eran una
representacion fiel de la realidad en el sentide gusistema de entrenamiento en
Realidad Virtual permite diferenciar entre variegetes de experiencias: expertos y no
expertos. Por eso, se comparo el rendimiento déds®xpertos en ambas tareas con la
de los técnicos no expertos. Esta comparacion ze basandose en las medidas
realizadas durante la fase de pre-evaluacion. Geswtado se obtuvo que los expertos
fueron capaces de llegar a un nivel mas alto depliomento que los técnicos no
expertos en ambas tareas. Por lo tanto, el sistienentrenamiento permite distinguir
entre ambos niveles de experiencia y, por tanscsitaulaciones propuestas constituyen
unas representaciones fieles a la realizacion deasrtareas en el mundo real. La
segunda hipétesis inicial queda entonces demostrada

Finalmente, con los datos subjetivos recopiladtis largo del experimento, se
demostré que todos los sujetos tuvieron una bugmaion del entrenamiento

propuesto, insistiendo sobre el realismo de lauejéa de ambas tareas.

Conclusiones

Los resultados de estos estudios experimentalakanesa eficacia del programa
de entrenamiento implementado en el sistema dedadaVirtual, mostrando mejoras

relevantes en la ejecucion de las habilidades m®turante la realizacion de las tareas
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de desbaste fino y de pulido. Esto sefala la vaiiterna del entrenamiento propuesto.
Por otra parte, la validez de constructo del siatéambién se sugiere a través de la
discriminacion entre los niveles de experienciaopgeradores expertos y no expertos.
Estos resultados proporcionan indicios de la validexterna del sistema de
entrenamiento en Realidad Virtual para desarrdélarhabilidades motoras finas que
son relevantes para el desempefio de tareas destiefiba y de pulido en entornos
reales.

En definitiva, este trabajo de investigacion daostgp a la idea de que la
Realidad Virtual mejorada con la interaccion héaptipuede ser util para el
entrenamiento de habilidades motoras, en complemet entrenamiento que

tradicionalmente se lleva a cabo en el mundo real.
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Motor Skill Training using Virtual Reality and Haptnteraction - A case study in industrial mairgane

Chapter 1. Introduction

Manual work is a paramount and expensive compooktite EU industrial activity.
With the evolution of technologies since the eailghties, unskilled manual work has been
mostly automated. Industries have been thus abieaiotain competitively their activity in
the globalized market by lowering their manufactgricosts. In contrast, high value high
knowledge manual work cannot be automated. Theipah&nowledge of workers which is
required for the performance of highly skilled mahwperations represents a serious
competitive advantage for EU industries. Such keaolge is tacit to the extent that in contrast
to explicit knowledge, it cannot be uttered in sewces or captured in drawings but rather
refers to skills acquired through practical expecee (Nonaka & Von Krogh, 2009). Tacit
knowledge is thus difficult to transfer to otheopke.

For many years now, industries have demonstratedt gnterest in using computer-
aided solutions for training high value high knogide manual work in order to increase their
competitiveness (Mujber et al., 2004; Abate et 2009). One of these solutions is Virtual
Reality (VR), which allows improving the trainingnananual work operations by providing
realistic and interactive simulations of industriptocedures and offering additional
informational contents that cannot be not providdebrwise.

2



Chapter 1. Introduction

The research presented in this thesis investighgegse of VR technologies to enable
the successful development of complex motor skilig are required in the performance of
highly skilled manual operations. A case studynnralustrial maintenance task is presented.

The purpose of this chapter is to introduce thissih Section 1.1 defines the
framework of this thesis, starting with a brief oxview of the training of motor skills in the
context of industrial maintenance (Section 1.1thgn, a short review of the use of VR
technologies for training motor skills (Section .2)1and an introduction to the research
project which has supported this work (Section3).1Secondly, section 1.2 presents the
research problems which have motivated this stliliydly, section 1.3 describes the overall

objectives of this work. Finally, section 1.4 delses the structure of the thesis.

1.1 FRAMEWORK OF THE STUDY

1.1.1 Motor skill training in industrial maintenance

The maintenance of operating components which atgest to critical process
conditions as in industrial and nuclear power @astcrucial for ensuring the safety and the
reliability of industrial activities. However, mdanance tasks carried out in such critical
environments may be compromising for the safetyhef operators that perform them. For
this reason, the execution of those maintenancks tasust be efficient. Maintenance
operators usually dedicate a considerable effottaio the motor skills that are required for
the performance of those tasks.

Behavioral psychologists have traditionally hightiegd two fundamental methods for
training motor skills: part-task and whole-taskirtnag (Teague et al., 1994, Utley & Astill,
2008; Browne et al., 2009, Coker, 2009). Part-tagining consists of breaking down motor
skills required for the performance of a manuak tiaso simpler components in order to be
practised separately whereas whole-task trainimgpgees a holistic approach of the target
task.

This thesis presents a case study of the metaplbgrareplica, an in-situ non-
destructive inspection technique that aims to eataldhe integrity of materials exposed to
critical process conditions. In the course of tirapection technique, several abrasive
processes such as fine grinding and polishing dpesafor which accurate motor skills are
needed (Hulsholf et al., 2005), are carried outT®MSE 3 - 01, 2001). Those motor skills are
traditionally trained following the whole-task tnimg method under the supervision of an
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Motor Skill Training using Virtual Reality and Haptnteraction - A case study in industrial mairgane

expert metallurgist who makes demonstrations aogiges verbal guidelines to the trainee.
However, for reasons that are presented later, esdional training has issues and
limitations, especially for inexperienced traineksparticular, part-task training can be very
effective for beginners, to the extent that it @kofocusing independently on each of the
motor skills that are required throughout those&kdaddowever, arranging such part-task
training in the real world may be complicated. \&believed to enable solving this and other
issues that arise throughout the training carrigdiro the real world, allowing effective part-
task and whole-task training.

1.1.2 Virtual Reality, haptic interaction and motor skill training

VR has been traditionally defined as a computeplgs interface that involves real-
time, immersive and interactive simulation, enaplanuser to be physically and perceptually
involved in a virtual environment (Burdea & Coiff@003). It has been frequently employed
to support the training of procedural and motollskising haptic force feedback devices
(Bhatti et al., 2009; Gutiérrez et al., 2010).

In VR, motor skills can be practised through muétipehearsals of training exercises,
designed according to part-task and whole-taskitrgi methods carried out in realistic
virtual environments in which, according to Bossatdal. (2008), Abate et al. (2009) and
Wang, Y. et al. (2009), the performer’'s safety & nompromised. Moreover, VR allows
defining a series of objective performance metrice. completion time, error ratio,
efficiency of performance ...) which can be used 4seas the development of motor skills
throughout the training process (Haque & Srinivas2006; Van der Meijden & Schijven,
2009; Johanesson et al., 2010; Rhienmora et dl1)20ask performance-related information
that is usually not available in the real world danthus provided throughout VR training.
The provision of such information is referred agyraented feedback, which aims to
supplement the sensory information perceived dutimg performance of the task with
additional multimodal information. Many researcludies have investigated the effect of
augmented feedback to support the learning of cexnplotor skills in VR (Solis et al., 2003;
Esen et al.,, 2004; Morris et al., 2007; Sewell kt 2007; Johannesson et al., 2010).
According to Johanesson et al. (2010) and Gophéd2 augmented feedback is a
prominent feature of motor skill training in VR. 0% the use of VR is believed to be

beneficial for training those motor skills that aséevant in an industrial maintenance task.



Chapter 1. Introduction

Haptic interaction enables providing tactile anddsthetic intrinsic information. This
is given in the form of force feedback resultingnfr the computation of object contact and
manipulation in virtual environments (Hayward et, &004). According to Abate et al.,
(2009), the addition of haptic force feedback witkirtual environments allows bringing the
concept of VR interaction closer to realistic plegsimodels. Haptic force feedback has been
shown to be profitable for training fine motor &kiat all levels of expertise (Tholey et al.,
2005, Wagner et al., 2007). For this reason, itdeses frequently employed to support motor
skill training in medical (Morris et al., 2006; &tberg et al., 2007; for a comprehensive list
of examples see the review presented by Coles.et2@11) and dentistry procedures
(Steinberg et al., 2007; Suebnukarn et al., 20X0emnora et al., 2011). In contrast, fewer
studies have proposed using haptic force feedbarckdining the fine motor skills that are
involved in industrial tasks (Balijepalli & Kesavasl 2003; He & Chen, 2006; Wang, Y. et
al. 2006; Wang, Y. et al., 2009; Sung et al., 20MJgreover, the effect of the suggested
haptic-based training on the development of th&sgks $ias not been investigated in depth.

This thesis presents a VR training system enhantdhaptic force feedback which
aims to train some of the fine motor skills thae anvolved in the performance of an
industrial maintenance task. The system proposastipal training exercises inspired by

part-task and whole-task training methods and erd¢thwith augmented feedback.

1.1.3 The ManuVAR Project

ManuVAR (Manual work support throughout systemdyfele by exploiting Virtual
and Augmented Reality) is an EU funded project fribra Seventh framework programme
(http://manuvar.eu/) which aimed to develop a tedbgical and methodological framework
using virtual and augmented reality technology WR) for supporting high value high
knowledge manual work through the product life eydn order to enhance the
competitiveness of EU industries (Krassi et al]J@) Krassi et al., 2010c).

Several industrial use cases distributed acrosswifigle product life cycle were
implemented. One of these industrial use casesistedsof procedural training for the
performance of the metallographic replica technigné motor skill training on fine grinding
and polishing operations. A cluster formed by thavdrsity of Malaga, Tecnatom S.A., a
Spanish company that delivers advanced engineesgmgices in industrial facilities and

nuclear power plants, the Association for the Adwanent of Radical Behavior Analysis
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(AARBA) and the Human Factors Research Group freenUniversity of Nottingham was in
charge of the definition, design, development araluation of that use case.

Several fundamental teaching and training metho@sewmplemented on the
ManuVAR platform in order to enable procedural amdtor skill training using VR
technologiegPoyade et al., 2011However, the research presented in this thesysfoouses

on the training of motor skills (Figure 1).

ManuVAR platform

Training
Procedural Training Motor Skill Training
Precision Teaching Part-task training Whole-task training

Figure 1. The work presented in this thesis was$ giathe implementation and

evaluation of a training framework on the ManuVAR(tform.

More information about the ManuVAR project is aahie in Appendix C.

1.2 MOTIVATION

As mentioned in section 1.1.1, the motor skillst thi@ relevant in fine grinding and
polishing tasks are traditionally trained followitige whole-task training method under the
supervision of an expert metallurgist. That tragneams at the successful development of fine
motor skills that are required in both tasks. Hogrevas addressed later in this thesis,
practices inspired by the whole-task training mdthare often too challenging for
inexperienced trainees. Therefore, the learninmofor skills occurs with difficulty. In this
work, two of the fine motor skills that are requira fine grinding and polishing tasks are
considered. These aamgle skillfor the inclination of the power tool on the sedaof the
material being inspected, afarce skill for the force exerted on the surface of the maiteri

through the tool.
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Motor skill training inspired by the part-task maig method can be more profitable
to the extent that it enables dissociating a stil&enotor skills into several independent
components which can be practised separately. Henvéwe dissociation of motor skills that
are usually performed simultaneously is not easgnfmement in the real world.

In many occasions, VR has been employed to traitomskills following part-task
and whole-task training methods. However, to th&t kaowledge of the author, an analysis
of the effectiveness of part-task training on fimeotor skills usually performed
simultaneously is still missing. Thus, the questaises whether the VR training of those
fine motor skills is effective for improving perfoance in real operating environments.

Fine motor skills such as those required in finedjng and polishing tasks belong to
the domain of tacit knowledge and are thereforécdit to describe verbally. On the one
hand, force skill is not directly observable. Thtlse expert metallurgist in charge of the
supervision of the training is not able to monitioe force being exerted. Therefore, verbal
guidelines provided to assist the performance @it thkill difficulty lead to effective
refinements of the exerted force. On the other hamgle skill is observable. However,
refinements of that skill require a high degreeacturacy that is difficult to describe
verbally. Thus, refinements of both skills suggdstarough verbal guidelines are not
sufficient to reach a high degree of accuracy dutive performance of the tasks proposed in
this thesis.

To the extent that VR allows the provision of augted feedback which bring
additional performance-related information to thegess of motor skill training, the question
arises as to whether this feature of VR trainingufficient to enable motor skills to gain in

proficiency in the real world.

1.3 OBJECTIVES

The purpose of the research presented in thissthedio explore the effect of VR
training based on haptic interaction along with tise of augmented feedback to support the
development of fine motor skills, and more spealfic of angle and force skills in the
context of fine grinding and polishing tasks. To sim it is first necessary to design and
develop a VR training system which enables trainthgse motor skills. Then, the
effectiveness of that system must be evaluatedrderoto investigate the validity of the

system to train motor skills in the suggested cdnte
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The design of the VR training system should be dase a description of the
functionalities of that system in order to enalile tesulting development to resolve the
research problems presented in section 1.2. Thoaidhe design stage, a functional analysis
based on the extraction of customer requiremenssoaeried out in order to highlight those
functionalities. The resulting development propoadsaining toolkit which allows building
flexible training programs. Each training programaleles configuring a series of exercises
inspired by part-task and whole-task training mdthand enhanced with augmented
feedback.

This work presents two experimental studies whioh @ assess the effectiveness of
the VR training system to support motor skill tiagn The first study aims to demonstrate
that part-task training enables novice traineebdcome more proficient when performing
fine motor skills in a whole-target task in VR. Thecond study aims to demonstrate the
effectiveness of VR training inspired by part-tasid whole-task training methods for non-
expert trainees. The external validity of the VRirnmg system is subsequently investigated.
The external validity of the system refers to idity to effectively train motor skills which
can be transferred to the real environment.

On the basis of the addressed objectives and #wopis research, which is reviewed

in the following chapters of the thesis, two irlitigpotheses are presented:

1. Hypothesis 1:The implementation of fundamental training methedsh as
part-task and whole-task training in the contexVBf training, along with the
provision of augmented feedback, is valid for tiagnfine motor skills that are
required in the suggested tasks.

2. Hypothesis 2:The suggested VR training enables transferring tthmed

motor skills to real operating environments.

The evaluation proposed in this work is limited &ospecific case of motor skKill
training. Fine grinding and polishing performancereal operating environments may be
altered by ergonomic and environmental factors sascbody posture, lighting, and external
disturbances caused by surrounding operationalites. Studying the effect of these factors

on task performance is out of the scope of thisishéoreover, the impact of immersive VR
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technologies such as stereoscopic display and pbiwiew tracking on the training of motor

skills is not investigated.

1.4 STRUCTURE OF THE THESIS

On the basis of the objectives described in secli@) this thesis is structured as

shown below (Figure 2).

Part 1. Introduction of the Appendices
thesis
Appendix A.
Chapter 1. Introduction Technical specifications
of haptic devices

3 -

Part 2. Theoretical Framework

Appendix B.

S — Visualization and
: apler o. volor okl Tracking Technolo
shapErEbicion Skl mmml)(  Training in Virtual Reality g i

Development with Haptics
1 Appendix C.

Part 3. Tools and Methods Development ManuVAR

Chapter 4. Context

Modeling and ' a!;?ﬁézrss. Design of the +
Requirement Analysis

Appendix D.
l Experimental
Documentation

Part 4. Evaluation

+

Chapter 6. Experimental Chapter 7. Experimental
Study 1 + Study 2 '
Appendix E.

Experimental study 1:
Analysis of Comments

1

Part 5. Conclusion of the thesis +

Appendix F.
Experimental study 2:
Analysis of Comments

Chapter 8. Discussion
and Conclusion

Figure 2. Structure of the thesis.
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The remainder of the thesis starts with a presemntatf the relevant theoretical
background. Chapter 2 provides a description ofléimental concepts in motor skill training
used later in the thesis, giving emphasis to thtofa that lead to the successful development
of motor skills. Chapter 3 presents the researckdraund of this thesis, including the use of
haptic force feedback and the fundamental trainingthods and types of augmented
feedback that support motor skill training in VR.

The third part of the thesis describes the desighdevelopment of the VR training
system. Chapter 4 defines the context for the niodelnd the development of the VR
training system. It introduces the maintenancesasipported by the VR training system and
highlights the motivations for such development.then proceeds to functional and
requirement analysis in order to provide a cohedascription of the functionalities of the
system. Chapter 5 describes the resulting desigrdamnelopment of the VR training system.
It presents a training toolkit which supports thundtionalities of the system. Finally, it
presents a novel task performance model along théhmethodology followed to construct
it.

The fourth part of the thesis presents two expeartmé¢hat aim at evaluating and
validating the VR training system. Chapter 6 inigedes the effectiveness of part-task
training in order to enable inexperienced perfosrtergain in proficiency while performing
a simulated polishing task. Chapter 7 assessesffibetiveness of part-task and whole-task
training methods on non-expert performers to imprtheir motor skills for the performance
of both tasks and investigates the external valiofithe system.

Finally, Chapter 8 proposes a general discussioexperimental results with regards
to previous research and concludes the thesis.

Additionally, six appendices are provided at thd ehthis thesis. Appendices A and
B focus on the VR technologies used in the expeariaiestudies presented in chapters 6 and
7. Appendix C presents the architecture of the Waki platform and helps to set in context
the current work. Appendix D reports all the docaméon provided to participants in the
experiments. Finally, appendices E and F presenthalitative data collected throughout

both experimental studies.
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Chapter 2. Motor Skill Development

Humans are able to perform a wide range of complexements that are crucial to
ensure our independence and interaction with owarosndings (Utley & Astill, 2008).
Several definitions of the term skill have beenpmsed in an attempt to explain what are
motor skills. For instance, Guthrie (1952) (repdrte Schmidt & Wrisberg, 2008; Utley &
Astill, 2008) has defined such skill as the abilityachieve an end-result with a maximum
certainty of goal achievement, minimum energy exigtene and movement completion time;
Newell (1991) has suggested that motor skills bosé skills in which the emphasis is given
to the movement and the outcome of the action; Stth& Wrisberg (2008) have defined
motor skill as the ability to reliably and consiglg perform sequences of organized
movements considering the perceptual sensory irgtom. However, all these definitions
converge towards the fact that motor skills aimatthieve specific goals set as motor
problems that arise from the interaction of an vidlial with its surroundings (Higgins,
1991). These motor problems are solved throughekeeution of coordinated movements
onto one or several degrees of freedom of the huodg.

This chapter introduces the concepts of motor skithotor learning and gives

emphasis to the factors that lead to the succedsftdlopment of motor skills. Section 2.1
12
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presents common taxonomies used to classify mddts.sSection 2.2 introduces several
theories to support the acquisition of motor skdlied describes how motor learning occurs
through performance improvements. Finally, sectidh8 and 2.4 propose several
improvements in the design of the learning expeeahat aim to enhance the acquisition of

motor skills.

2.1 CLASSIFICATION OF MOTOR SKILLS

Motor skills are complex to describe and evalukte.this reason, several taxonomies
have been proposed, aiming to organize motor s&idlsording to specific characteristics.
Most popular classifications tend to conceptuatieator skills regarding to a task-centered
approach. Other taxonomies propose classifying mekils according to an approach
centered in the performance proficiency definedriaximum certainty of goal achievement,
minimum energy expenditure and movement completiore. Thus, these taxonomies
support the definition of motor skill as proposedGuthrie (1952). However, classifications
centered in performance proficiency are stronglgethelent on the level of expertise of the
performer and remain less frequently used.

Task-centered taxonomies approach motor skills ftbe perspective of the task
organization (Section 2.1.1), the importance of ¢bgnitive load in the achievement of the
goals (Section 2.1.2), the involvement of muscudativity (Section 2.1.3) and the
predictability of the environment (Sections 2.1.24&.5).

2.1.1 Task organization

Classification following task organization proposasone-dimensional system in
which motor skills are arranged from discrete tatowous skills, with serial skills set in-
between. According to Schmidt & Wrisberg (2008%adete skills are generally those skills
involved in actions of short duration with a we#fohed beginning and end (i.e. punching,
hammering, screwing, etc...). Serial skills describgroup of ordered discrete skills that
compose more complex and long lasting movemengs ¢$equence of the triple jump,
throwing a javelin, mechanical assembling, polighigrinding, etc...). In many occasions,
serial skills are decomposed into several disakilés in order to be more efficiently learned
through practice. In this thesis, emphasis willgheen to the decomposition of motor skills

that are relevant for the performance of fine grnigdand polishing tasks, into several discrete

13
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skills to support motor skill training. Section 2r&roduces the concept of breaking down
motor skills into several discrete skills. Contimgoskills are those repetitive skills that
compose rhythmic actions (i.e. running, swimminggcling, assembly line work, etc...).

Continuous skills have no concrete beginning or @nd can be stopped at any moment of

the realization of the action.

2.1.2 Importance of cognitive load

Motor skills can also be classified according te talevance of cognitive abilities in
the success of goals achievement. This classticadiefines a one-dimensional system in
which motor skills are arranged from simple to ctewskills as a function of the importance
of decision-making during the performance of thakdls. Simple skills require little
concentration and are not cognitively demandirgy (kalking, hammering, screwing, etc...).
In contrast, complex skills are cognitively compbed. They often require the development
of a strategy in order to be efficiently performédus, they are attention demanding and
need to be practiced repeatedly in order to ach&éwnooth performance. For instance,
motor skills involved in complex machinery assentlalgks as those proposed by Abate et al.,
(2009) and Gutiérrez et al. (2010) are usually wwred as complex skills.

Of course, after a sufficient period of traininige tperformance of the practised motor
skills gets automatized (Section 2.2.2.1) and thgnitive load is reduced to a minimum.
However, this thesis will focused on the trainirggipd during which those motor skills that
are required in industrial maintenance tasks acgiieed (Section 4.2). Those motor skills
would rather tend to be complex skills to the ekteat during that period their performance

in industrial facilities requires a high level arcentration over a prolonged period of time.

2.1.3 Involvement of muscular activity

The classification with regard to the involvemerittioe muscular activity in the
course of the performance defines a one-dimensiepsiiem in which motor skills are
arranged from fine to gross motor skills. On the band, fine motor skills involve groups of
small muscles devoted to the performance of p@tisiovements for which a high degree of
sensory coordination is required (Magill, 2007nd-motor skills are generally performed in
manipulation tasks that require arm-hand-eye coatdin such as in electronic component

mounting and soldering tasks (Sung et al., 201ib)il&ly, the motor skills that are focused

14
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in this thesis for the performance of fine grindiagd polishing tasks consist of fine motor
skills. On the other hand, gross motor skills imeogroups of large muscles requested for the
performance of not precise movements often achiavedde workspaces (i.e. hammering,
lifting weight, etc...). However, in many occasiofisg and gross motor skills are performed

simultaneously.

2.1.4 Predictability of the environment

Knapp (1967) (reported in Schmidt & Wrisberg, 2008s proposed a one-
dimensional classification of motor skills basedtba level of variability and predictability
of the environment in which they are usually parfed. Motor skills are ranged from open to
closed skills. Open skills are those skills in whperformance is affected by external factors
because they are carried out in variable and uigieddde environments. Thus, the performer
must be able to quickly evaluate the environmerratieristics based on the information
obtained from perceptual sensory cues, and mugllyagdapt movement patterns. Motor
skills involved in the performance of fine grindiagd polishing tasks conducted during a
maintenance campaign of an industrial plant, cacdresidered as open skills to the extent
that the stillness of the environment is usualtgrald by surrounding maintenance activities.
In contrast, closed skills are performed in stabid predictable environments. Closed skills
are not affected by environment characteristicpesformers can organize their movements
with no rush. For instance, motor skills involvedthe performance of fine grinding and
polishing tasks carried out at the laboratory f@ining purposes are thus considered as

closed skills.

2.1.5 Gentile’s Two-dimensional classification

Gentile (1987) (seen in Magill, 2007; Utley & A&tiR008) have highlighted that
most common taxonomies restrict the classificatbmotor skills onto a unique dimension,
without considering the movements complexity inrtleentext. In response to such criticism,
Gentile (1987) has proposed a two-dimensional ileagson which considers action
requirements and environmental demands (Table ayeer, in the context of this thesis,
this taxonomy is conceived as strongly inspired thg classification based on the
predictability of the environment in which motorillkare arranged as open and closed skills
(Section 2.1.4).

15
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Gentile’s taxonomy is traditionally referred as veo4dimensional classification
model. Nonetheless, that model can be argued tocobwosed of more dimensions to the
extent that motor skills are arranged accordinggvio states of variability of the action (states
1 & 2) and two other states of variability of theveonment (states 3 & 4). In state 1, the
body can be stationary or in movement, whereadate £, an object manipulation can be
engaged or not. Moreover, the degree of variahiitthe environment in which the action is
performed, referred as the regulatory conditiom, loa (state 3) intra-trial and (state 4) inter-
trial.

Table 1. Gentile's two-dimensional classificatigatem (Utley & Astill, 2008).

Action Function
Body orientation stable Body orientation changing
No object Object No object Object
manipulation manipulation manipulation manipulation
= Watching a Writing Walking or bowiling
% > football game running

2 |28

3 Using sign Shooting in Performing steprRunning over an
5 %’ > [ > language archery up in gym obstacle course
S| 88 |E= carrying a ball
S8 |5 €
£l |ES
% = Standing in a Standingand |[Wakingona |Dribbling a ball
é % > elevator bouncing a ball |moving walkwayaround a set of
uz] é -% E cones

g 28

8 Standing on one|Catching balls |Crossing the |Playing rugby,

S - > leg when wearingthrown at road football, etc...

‘_35 % g 3_?3 roller skates different speeds

o = Y

Motor skills required in fine grinding and poliskitasks are usually part of actions in
which the body orientation remains relatively séalahd object manipulation is engaged.
Moreover, the laboratory in which those skills draditionally trained consists of an
environment with stationary regulatory conditionsdano variability between trials. In
contrast, industrial plants in which those skille a&ommonly performed for inspection
purposes, the environment can be considered adyhafflanging with a high degree of

variability between rehearsals.
16
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2.2 MOTOR SKILL ACQUISITION

Motor skills are developed through the process ofamlearning during which an
unskilled performer passes through different phaselsecome a highly skilled performer.
Schmidt & Wrisberg (2008) have described the lesmynof a motor skill as an internal
process associated to practice that leads tovelatpermanent changes in the capability to
perform an action. Those changes appear in the @drian slow and progressive retention
during which the skill is gradually consolidatedspimg from an initial and fragile state in
which it tends to be easily forgotten, to a moren@nent and automatized state (Brashers-
Krug et al., 1996). Section 2.2.1 presents the wrm@isims that support the process of
acquisition and development of motor skills andtisec 2.2.2 gives emphasis to the

consolidation of those motor skills through sevstabes.

2.2.1 Theories of motor skill acquisition

For a long time, researchers have attempted toagxplow the process of motor
learning was achieved. Traditionally, cognitive dhes of skill acquisition placed the
emphasis on the mechanisms used by the centrabusersystem to plan and control
movements. These mechanisms are centralized aadipegl in motor programs as a set of
prescriptive sub-processes in charge of stimulastification using perceptual sensory cues,
selection and organization of the response, inraimenable modifying and performing an
action. Basically, motor programs enable storingepresentation of the dynamics of
movements previously performed in the movement nmgnand compare it with the
characteristics of the movement being currentlydpoed. Adams, J. A. (1971) (reported in
Schmidt, 1975, Lee & Schmidt, 2008; Utley & Ast@I008; Rosenbaum, 2009) and Schmidt
(1975) have proposed two approaches of motor legrpased on prescriptive motor control
theories.

According to Newell (2003) and Schmidt (2003) coomthoughts concerning motor
control theories have changed over the time. A mmetemporary theory than those
presented above has suggested an ecological appt@dbe acquisition of motor skills in
which motor skill acquisition is more than justet sf processes reproduced in a sequential
fashion as a function of stimuli (Newell, 1991).iF kheory implies that the development of

motor skill emerges naturally through an explonaeinase in which a performer searches for
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optimal movement characteristics in accordance higfher own capabilities to perform the

movement, and restrictions imposed by the taskilam@nvironmental context.

2.2.1.1 Adam’s closed-loop theory

Adam, J. A. (1971) (reported in Schmidt, 1975; Be8chmidt, 2008; Utley & Astill,
2008; Rosenbaum, 2009) has proposed a closedfeopytto support motor skill acquisition
during slow, graded and linear positioning taskspakamount principle of Adam’s closed-
loop theory is the frequent need of feedback pragidnformation about goal achievement,
in order to enable a performer to adjust the movengeordination pattern. Section 2.4.2
refers to that kind of extrinsic information as Kvledge of Results (KR).

Adam, J. A. (1971) suggested that learning a m&kilroccurs based on two memory
states, referred to as memory trace and percepiazd. The memory trace consists of a
simple motor program responsible for selecting iatchting the appropriate motor response
based on the representation of prior actions stareghovement memory. The perceptual
trace supports accurate performance of a movemeguiging body limbs towards correct
position and along appropriate trajectory. The @gteal trace consists of a unique
representation of the action based on past exmerjevhich encompasses perceptual sensory
information, and provides the most accurate rafvecdf the movement performance. It acts
as a reference of correctness and enables errostadjnts for next attempts of the
movement. During and after movement performangeeréormer’s central nervous system
compares the actual intrinsic feedback (Sectior2? with the information provided by the
perceptual trace and consequently enables adjustnwnthe movement to achieve an
optimal performance. The perceptual trace is ineganstrengthened by an increased
exposure to extrinsic feedback, more especiallgRo and errors decrease with practice until
the representation of the action in the trace csiade.

However, Schmidt (1975) highlighted some criticism#Adam’s theory. First, it was
developed from slow positioning movements and priesk inherent problems for rapid
movement learning. Second, Adam predicted incdyreittat the amount of KR would
enhance movement performance and the effect ofdvathing such information feedback
might disrupt motor learning and corrupt the accyraf the trace (Winstein & Schmidt,
1990). Third, Adam’s theory states that the penc@prace acts as a reference of correctness
based on feedback from previous experience, witinith the trace cannot be developed.

Thus, Adam’s theory hardly accounts for the dewvelept of accurate novel movements
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(reported in Utley & Astill, 2008). And finally, $enidt (1975) argued a storage problem in
the movement memory as Adam’s theory supports tbeage of every sequence of
movements as a unique representation of an adtisveferred as a one-to-one mapping and

suggests the storage of a considerable amountarfmation.

2.2.1.2 Schmidt’s theory of schema

Schmidt (1975) attempted to generalize motor legyid a wide range of movements
involving discrete, rapid, open and closed skilieotigh the theory of schemas. Schmidt’s
theory incorporates much of Adam’s closed loop thdmt organized in a different way. It
provides a solution to the memory storage issuet@tiee one-to-one mapping. The approach
of Schmidt proposes a one-to-many mapping betweemitovement being produced and a
conceptualized representation of the action thatudes a description of a movement
coordination pattern using both variant and invarfaatures.

A schema defines a set of rules that describe ss @& movement as a structure of
information parameterized by several specificatianiables that yield to a specific response
outcome (Schmidt, 1975). Basically, Schmidt suggdbit actions are programmed in
advance and stored in a generic way in movementaneas Generalized Motor Programs
(GMP).

Schmidt's schema is based on the assumption tham w&h individual attempts to
perform a movement to achieve a specific objectilie, information indicating the initial
conditions of the performance, the response spatifins for the motor program, the sensory
consequences of the response and the responseaneuto@ recorded once the action is
complete. The recorded information can be thusecdasming to be attuned when attempting
to perform a similar movement coordination pattevith different characteristics. For
instance, the performance of a fine grinding oroéishing task as a movement pattern is
ruled by a set of variables that are proper tot#is& being performed (i.e. range of applied
force and tool inclination). However, when perfongnion distinct areas of an industrial plant,
the characteristics of that movement pattern magifierent. Thus, the GMP stores a generic
representation of the movement pattern that canréaessed and attuned for further
performances.

The initial conditions encompass all the prelimynawailable intrinsic and extrinsic
information prior to the response (i.e. initial pog of body limbs, environmental conditions,

etc...). This information remains crucial for movemeanning in the environmental
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context. The response specifications consist othagacteristics of the produced movement.
These characteristics can be variant (i.e. fornglea speed, duration, etc...) and invariant
(i.e. right hand, left hand, both hands, etc...). $Rasory consequences gather the intrinsic
and extrinsic information feedback perceived dutimg response (i.e. proprioceptive, visual,
auditory, etc...). And finally, the response outcocoasists of the KR and other sources of
feedback that report the success of the performaagarding to the original movement
objectives.

Schmidt’s theory suggests that after several toéla novel movement coordination
pattern, the central nervous system formulates saleemas that abstract the information
resulting from past experiences. These schemasaaned recall and recognition schemas.

The recall schema considers the relationship betwke initial conditions of the
action, the past experiences outcomes and resppeEfications, to address new action
goals and determine most appropriate response fispéons to achieve the movement
coordination pattern to the desired outcome. Respagpecifications to be determined can be
novel or already existing. Therefore, the recdllesna produces a motor response.

At the same time, the recognition schema compaiesdttual sensory consequences
and response outcome with the expected sensoryegoesces and outcomes based on
conceptualized information from past experiencebe Trecognition schema accounts
accurately for error detection in case the actealsery consequences and response differ
from the expected sensory consequences and respamdeherefore, it indicates that the

actual motor response must be adjusted in ordecheve the action goal.

2.2.1.3 Newell's constraint theory

Newell (1986) (reported in Utley & Astill, 2008) gosed a dynamic system theory
based on an ecological approach of the process atbrmearning in which movement
coordination patterns naturally emerge self-orgathias a function of an interaction with a
set of possibly changing constraints. Newell (1986ygested that motor skill acquisition
consists of an exploratory phase that stands thrpuactice. During this phase, an individual
searches for optimal motor coordination solutionsnieet the demand of the task, by
interacting with three major constraints: organisnask and environmental constraints.

Organismic constraints refer to the individual dality to perform coordinated
movements (i.e. body shape, weight, height, emaljocognitive and agility constraints,

etc...). Task constraints refer to all task aspeutd limit the interaction (i.e. task’s rules,
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equipment in use, and objective of the action, gtcAnd finally, environmental constraints
consist of the information obtained through allgegtual sensory cues (visual and auditory
cues, proprioceptive information, information feadbk, etc...) that characterize the
environment context. In that sense, the implememtabf haptic force feedback in VR
training simulations is paramount to provide raalienvironmental constraints and therefore
enhance the exploration of appropriate motor coatibn patterns.

At the beginning of the exploration, when learneagiovel motor skill, movement
coordination patterns present a high degree ofalkidity. However, through practice and
using the available information feedback that mfiehe interaction with all constraints, the
performer is naturally able to gradually adapt thevement coordination pattern to the
desired response outcome. Therefore, the coordmdtecomes progressively more stable
and the practiced skill gets progressively constéid and automatized. The behaviour
resulting from the stabilized movement coordinatjmaitern is referred as attractor. For
instance, Kelso & Schoner (1988) have demonstrttat when performing out of phase
fingertip movements and increasing progressivedy ghce, movement coordination pattern
was naturally stabilized to in-phase or anti-ph&sevement. In-phase and anti-phase
synchronisms were the natural attractor statesttfer coordination of finger movement.

However, newer attractor states can be developeddh practice.

2.2.2 Stages of motor learning

The learning of a motor skill viewed from the pegsiive of a process in which a
performer improves a skill through practice, iditi@nally described as a model composed

of several hierarchically organized stages.

2.2.2.1 Fitts and Posner three-stage model

Fitts & Posner (1968) proposed a model nowadaysidered as the most popular
framework for understanding motor skill acquisitiffolozsvari et al., 2011). According to
them, the learning of motor skills as those requime fine grinding and polishing tasks,
occurs through three stages: cognitive, associaiiventermediate and autonomous. It is
assumed that through practice, motor skills pragvesy gain in proficiency along one phase
and gradually merge into another (Figure 3).
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Figure 3. The three-stage model proposed by Fitts Rosner represented as a
one-dimensional system (figure as proposed by Ug8lepstill, 2008). Motor

learning occurs gradually through practice as tbescerable mental demand
required at the cognitive stage progressively deae until the skill becomes

fully automatized.

The cognitive stage is characterized by learngiimgrto understand the task and
testing several strategies to efficiently perforne ttask. Often, the learner engages self
conversations to promote verbal guidelines in otdesupport the performance. The learner
devotes considerable cognitive activity to the @enfance and initially tends to commit a
large number of errors without being able to idgntand solve them. Motor skill
performance is generally unsure, awkward and wtille consistency. However, performance
improvements tend to be important and generallyuocapidly. Throughout this stage,
instructions, demonstrations, assistance (Sectidrl)? and information feedback (Section
2.4.2) are considered to be particularly benefiiaperformance improvements.

In the associative or intermediary stage, the Eapnrganizes motor skill patterns
more effectively which results in significant impements in the performance. The learner is
able to associate environmental cues with motdt ekaracteristics enabling him or her to
anticipate and time skills resulting in smoothed anore stable movements. For instance,
during a fine grinding and polishing tasks, therea is able to associate tool inclinations and
exerted forces with the outcome of task performaNtmeover, self-verbal guidance tends to
be less frequent and performance progressivelyrbesaognitively effortless. The learner
drastically commits fewer errors and is able tanestheir motor skills to solve these errors.
Generally, the learner does not require as mucistasse to efficiently perform the task.
This stage usually lasts considerably longer tharcognitive stage.

The autonomous stage is characterized by the ads#Encognitive load during the
performance of the task. Motor skill patterns aesfgrmed more consistently and almost

automatically. The learner is able to efficientlgtect errors and refine movements with
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proper adjustments. The learner generally showsgh tdegree of self confidence while
performing the task.

In this thesis, an experimental study will be cartdd in order to evaluate the
effectiveness of a VR training system to carry neyerformers with no knowledge of the
motor skills that are relevant in a polishing tals&m the cognitive to a more advanced stage

of motor learning (Chapter 6).

2.2.2.2 Gentile’s two-stage model

Gentile (1987) (reported in Magill, 2007; Utley &sAll, 2008) modeled motor
learning from the perspective of the goal achievamBhe model is composed of two stages:
the verbal-cognitive and the motor stages (Sch&idtrisberg, 2008).

In the verbal-cognitive stage of learning, the perfer aims to acquire a pattern of
movement coordination that allows completing theoacwith a certain degree of success.
Gentile stated that the learner determines the mpgropriate movement coordination
pattern by exploring a wide variety of movement gdoidities through practice and error
making. The performer must develop movement charnatits as a function of the
variability of the environment, referred in secti@il.5, as regulatory conditions of the
environment. This suggests the existence of ania@xphapping process that matches
movement characteristics with regulatory conditiarfsthe environment. To do so, the
performer must be able to discriminate environmefgatures in order to differentiate
between regulatory conditions that determine hasvrttovement must be produced and non-
regulatory conditions that do not influence thef@enance of the movement. In the verbal-
cognitive stage of the motor learning, the leamedicates an important cognitive activity
which often encompasses a self-conversation inrotoleestablish the most appropriate
movement coordination pattern to achieve the tasit. yVhen reaching the end of this stage,
the learner has developed the appropriate moveroeotdination pattern that allows
achieving the goal even though performance is ansistent and efficient.

In the motor stage of learning, the learner muguae three basic characteristics in
order to keep on improving the skill. First, thearlger must generalize the movement
coordination pattern acquired during the verbalritige stage to any environmental contexts
that he or she can be eventually confronted. Fetairce, a technical worker must be able to
perform fine grinding and polishing tasks on anytemnal surface he/she might be confronted.

Secondly, the learner’'s performance must becomes roonsistent in order to achieve the
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action goal on demand. Thus, the technical workestrbe able to perform several rehearsals
of a maintenance task with the same degree ofi@ifig. Thirdly, the learner must be able to
economize physical and cognitive efforts while perfing the skill. In that case, the motor
skill becomes almost automatic and the performerdeguired a high level of expertise. In
that sense, fine grinding and polishing operatians instinctual (automatic) for expert
metallurgists but physically and cognitively demiagdfor unskilled performers.

In this last stage, Gentile’s model aims to adjast generalize a movement
coordination pattern in order to meet the task dema all possible environmental contexts.
However, the learner’'s goal for refinement and galimation of a movement may differ
depending on the nature of the skill being perfant&entile has proposed a classification of
movements based on the complexity of the actionthadpredictability of the environment
(Section 2.1.5). However, in order to simplify tlagproach, motor skills can be arranged as
open and closed skills (Section 2.1.4).

On the one hand, the practice of open skills uguaiblicates the performance of
rapid movements in ever-changing environments. gér&rmer is often required to quickly
adapt the movement during the trial in order tocdtmmmediately meet the task demand. On
the basis of the provided information feedback myrand after the performance (Section
2.4.2), the performer attempts to diversify the sroent characteristics dependently to the
dynamics of the environment. In industrial plantseve fine grinding and polishing tasks are
carried out, a performer must rapidly adapt taskopemance to possible disturbances caused
by surrounding maintenance activities. For instarcelecrease of environmental lighting
may lead to change working posture and movementerpat in order to enable the
achievement of the task. This is referred as therdification stage (Schmidt & Wrisberg,
2008).

On the other hand, the practice of a closed sldllally involves performance of
movements in a stationary environment. The perforisi@iven the opportunity to use the
information feedback (Section 2.4.2) to fixate thevement coordination pattern from trial
to trial. During the performance of fine grindingdapolishing tasks in a laboratory, the
performer has the opportunity to refine angle add skills with no rush with regards to the
available information feedback. This is referredtlas fixation stage (Schmidt & Wrisberg,
2008).

In this thesis, emphasis will be given only to nicgkill training for fine grinding and

polishing tasks in stationary environments. Morepas mentioned previously in section 1.3,
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ergonomic considerations (i.e. arm and full bodgtpee) are out of the scope of this research

work.

2.2.2.3 The Bernstein’s stage theory

Bernstein (1967) (reported in Newell & Vaillancqu2001; Magill, 2007; Utley &
Astill, 2008) proposed a dynamic approach of mdearning. In fact, Bernstein’s model is
based on an ecological approach of motor skill eitipn which argues that motor programs
provide an excessive emphasis on the organizafi@ttmns in the central nervous system
and omit the dynamics of body limbs to meet thek tdemand in accordance with
environment constraints.

Bernstein suggests that the complexity of learmngpvel motor skill remains in the
development of a movement coordination pattern ématbles a performer to progressively
master multiple degrees of freedom of the humanamant system.

The development of a pattern of coordination owwresal degrees of freedom in
order to efficiently perform a motor skill occurdsréugh three stages of learning: novice,
advanced and expert.

In the novice stage, the learner temporarily redube number of active degrees of
freedom by freezing out body limbs at the periphafryhe movement. The learner explores
the perceptual motor workspace by interacting wébkk and environmental constraints
aiming to acquire the most appropriate patternoofrdination for active degrees of freedom
resulting in the desired kinematic response.

In the advanced stage, the learner keeps on emgldine workspace and gradually
releases all restrictions enabling the progressitegration of previously frozen degrees of
freedom to the movement coordination pattern. Uguakarching for optimal movement
coordination pattern remains highly challengingtt@s combination of proprioceptive cues
increases with the number of released degreegeddm.

And finally, in the expert stage, the fluidity dogi the performance of a skill results
from a coordinated structure of body limbs. Thefqener exploits outcomes from the
interaction of all possible degrees of freedompbrize the completion of the skill.

Vereijken et al. (1992) (reported in Newell & Vaiticourt, 2001; Utley & Astill,
2008) have argued the Bernstein’s stage theorystudy in which participants were given
several days to master a gross motor skill whichsisted of body balancing on a ski

simulator. The authors have demonstrated thatubkition of the dynamics of participants’
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limbs over days of practice was consistent with freezing-freeing-exploiting stages
proposed by Bernstein. In contrast, Newell & vanniemnk (1989) have highlighted no
evidence of freeing peripheral degrees of freedorearning a fine motor skill as signature
handwriting. Thus, the Bernstein’'s stage theory banquestioned for learning fine motor
skills. For this reason, that theory won’t be cdesed to explain the learning of those fine

motor skills that are required in fine grinding gmalishing tasks as suggested in this thesis.

2.3 DESIGNING THE LEARNING EXPERIENCE

As mentioned in section 2.2, motor learning cossistan internal process associated
to practice that leads to relatively permanent mmpments in the capability to perform an
action (Schmidt & Wrisberg, 2008). However, praatisthe target action does not always
lead to a successful development of motor skillsh(®dt & Wrisberg, 2008). In many
occasions, motor skills are better acquired throatthned practice proposed as a set of
specifically designed exercises. Many authors (Tlieagt al., 1994, Utley & Astill, 2008;
Browne et al., 2009, Coker, 2009) have given emph@stwo training methods (Section
2.3.1):

1. Whole-task training which refers to practising sktén its integrity.

2. Part-task training which consists of breaking dawator skills involved in the
performance of a complex task into simpler park-te@mponents in order to
be practiced separately, and then recombining tteereconstruct the whole
target skill.

Sections 2.3.2 & 2.3.3 present respectively sevasthods to break down a skill into

part-task components and integrate those compotergsonstruct the whole target skill.

2.3.1 Part vs. whole-task training

One of the main difficulties for practitioners ie tlecide whether it is better to
practise a movement pattern using one or the othming method (Utley & Astill, 2008). In
the early 60’s, Adams, J. A. (1960) explored thieativeness of part-task and whole-task
training methods for sequential skills involved @ockpit procedures. However, the
motivation for decomposing training of a whole-tasko several subroutines remained
unclear. Later, Naylor & Briggs (1963) (reported Utley & Astill, 2008; Coker, 2009)
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hypothesized that decision making for appropriat@ining format should take into
consideration two inherent features of the tas&:dbmplexity which stands for the number
of sub-components that composed the task, and goesty how demanding would be that
task; and the organization of the task which referthe degree of dependence between sub-
components.

Conditions of practice that enable trainees to mope their performance are
considered to be paramount for the acquisition ofamskills. On the one hand, whole-task
training is considered to be particularly approerifor those motor skills that are not too
complex and remain highly organized. Effectivelye toreaking down of those motor skills
into many part-task components for training purgoseuld be ineffective as the dynamics
of the whole target skill would be altered. On ttker hand, part-task training is believed to
be particularly profitable for training complex motskills that are composed of many
independent sub-components. The effectiveness mftgek training to support the motor
learning of complex motor skills such as those iwed in medical and rehabilitation
procedures have been widely discussed (Johnson.,eR(®8; De Visser et al., 2011;
Kolozsvari et al., 2011; Klein et al., 2012). Howevsimple skills for which whole-task
training is usually employed might often appearatiegely complicated for novices.
Effectively, at the early stage of motor learniegen for simple skills, the task demand is
important (Section 2.2.2.1), and whole-task trainimay often lead to unsuccessful
development of motor skills as it does not allowlasing relevant task components and
prevents error recognition (Utley & Astill, 2008pKer, 2009). In that case, part-task training
may have a strong motivational role as it enabéshicing task demand. In contrast, an
advanced performer might be bored by part-tasknitrgi as it may not be challenging
enough. Therefore, the level of expertise of pemnfens should also be taken into
consideration when designing a training experiettceenhance motor learning (Utley &
Astill, 2008; Coker, 2009).

In this thesis, the development of two independbstrete skills such as angle and
force skills is being investigated. Those skill® aelevant for the performance of fine
grinding and polishing tasks for which whole-taskrting is traditionally carried out (Section
4.2). However, such training often appears too lehging for inexperienced workers
(Section 4.2.2). It is believed that part-taskrnag would contribute to enhance the training
traditionally carried out (Section 4.2). Nonethslethe implementation of such part-task
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training procedure in the real world may be troablee. It is proposed that VR training
would enable solving this issue.

This research work presents and evaluates a VRirgaisystem which aims to
support motor learning through part-task and whag-training.

2.3.2 Breakdown of skills

Wightman & Lintern (1985) (reported in Roessinglaket 2002; Utley & Astill, 2008)
defined three techniques to break down skills iptot-task components: segmentation
(Figure 4.a), fractionation (Figure 4.b) and sirhpdition (Figure 4.c).

a. segmentation b. fractionation c. simplification

Figure 4. Three techniques for part-task trainisgg(entation and fractionation
techniques appeared as proposed by Roessingh(20@2))

The segmentation technique (Figure 4.a) consisteparating serial skills into parts
according to spatial or temporal considerationg. &ample, when learning to interpret a
sequence of Morse code (Clawson et al., 2001),cesvirst trained on identifying the dot
and hash pattern proper for each letter.

The fractionation technique (Figure 4.b) consistseparating skills that are usually
executed simultaneously. For instance, motor skil®lved in car driving are performed
simultaneously. An advanced driver can easily parfeeveral actions at a time. However, a
novice driver may hardly be able to focus on hamglihe wheel, pressing the clutch pedal
and simultaneously changing the gear. Therefoeentvice driver only focuses on handling
the wheel whereas the instructor changes the gearg uthe shared control clutch.
Nevertheless, the effectiveness of the fractiomatiechnique is questionable for training
rhythmic skills involving antagonist body limbs (K&, 2009). For instance, Klapp et al.
(1998) demonstrated that fractionation of practaérain a rhythmic bimanual coordination

pattern resulted in a poor accuracy compared toleatask training technique. They have
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investigated the effectiveness of fractioned pasciice to train each hand on tapping a
singular rhythm. Results revealed that trainees veloeived whole-task training were more
accurate at performing the bimanual tapping contpdee those who received part-task
training.

The simplification technique (Figure 4.c) corsist acting on some characteristics
of the task to decrease the level of difficulty asase the performance. Coker (2009)
proposed three ways to implement this part-tagkitrg technique: the modification of the
equipment (i.e. using a lighter bat to ease theelmb swing), the reduction of the
coordination requirements (i.e. training wheelsadpicycle assist the learner to maintain the
balance) and the modification of the environmenarahteristics to make an open skill
become more closed (i.e. training baseball battihg ball placed on a tee-support). The
reduction of coordination requirements often letmprovide physical assistance during the
performance. Section 2.4.1 introduces severaltassis concepts commonly used to enhance
the practice and therefore the learning experience.

The achievement of complex maintenance proceduwekl as fine grinding and
polishing tasks requires an accurate performanderoé, angle and motion skills (Section
4.2). Those skills are performed simultaneouslythis thesis, part-task training inspired by
the concepts of fractionation of angle and forassiand simplification of the motion pattern
is believed to be profitable for the achievemenawfefficient performance of fine grinding
and polishing tasks. However, the dissociationhaisé concurrent motor skills in the real

world may be complicated.

2.3.3 Integration scheme

Roessingh et al. (2002) and Coker (2009) highighthree main schemes or methods
of part-task integration that enable reconstructing whole target task throughout the
training process: the part-whole method (Figure,3lee progressive-part method (Figure

5.b) and the repetitive-part method (Figure 5.c).
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X & &

a. part-whole method b. progressive-part method C. repetitive-part method

Figure 5. Schemes of integration of part-task camepts (all schemes are as

proposed by Roessingh et al. (2002))

In the part-whole method (Figure 5.a), all parktaare practised separately. When a
performer is proficient in all part-tasks, the widarget task is reconstructed from all part-
task components so the whole target task can yimalpractised. The part-whole method is
appropriate for training those skills which are alsuperformed sequentially. For example,
when training on heavy machinery manipulation asamexcavation task simulated in a
virtual environment, operators usually practiseasafely essential sub-components of the
task such as carrier positioning, trenching, angckirskills, and once all skills are
consolidated, part-task components are combinedder to train the whole target task (So et
al., 2012).

The progressive-part method (Figure 5.b) enablepldying the task and provides a
better understanding of the integration of parktasmponents. In the progressive-part
method, the performer starts practising indeperygldnto part-tasks. When the skills are
mastered, both part-tasks are combined and prddiggther. Once the performer becomes
proficient, an additional part component is pratiseparately and subsequently integrated
into the previous association so the performerprantise the new combination. This process
lasts until the whole target task is completelyorestructed. The progressive-part method is
appropriate for the practice of independent skillst are usually performed simultaneously.
For example, in many occasions in ski learning, migvement and knee flexion are often
practised separately when the performer is stoppedhe side of the ski track and then
combined with other skills in order to be practisedthe ski run.

The repetitive-part method (Figure 5.c) also presic better understanding of the
integration of part-task component. However, intcast with the progressive-part method,
the performer is not given the opportunity to piscteach part-task independently. The
performer only practises the first part-task conganindependently. When the skill is

mastered, the performer integrates an additionaditpsk in order to practise them together.
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This process continues until the whole task isyfidiconstructed. The repetitive-part method
is especially suitable when the practice of ond-fz@k component is inseparable from the
previous one. For instance, a novice piano playest practices with one hand, then
incorporates the second hand in order to develoipnanual coordination pattern and finally
implements foot coordination to press the pedals.

Part-task training aims to support the acquisitminseveral independent skills.
Nevertheless, combining those motor skills in ortiebe practiced as a whole is strongly
recommended for an effective performance of the levliarget task. In this thesis, the
integration of angle, force and motion skills inspi by the progressive-part method is
believed to be profitable to transfer those motolissto the performance of a whole target

task.

2.4 ASSISTING THE LEARNING EXPERIENCE

2.4.1 Physical guidance

Physical assistance during the performance of mewemoordination patterns may
be particularly beneficial for the learner. Schmg8dWrisberg (2008) have referred to such
assistance as physical guidance, a temporarily taidhe performance of movement
coordination patterns that aims to enhance motamieg. Physical guidance is generally
assumed to provide a clear view of the goals, asirg safety and minimizing fear of failing
during the movement performance (Wulf et al., 1998xhmidt & Wrisberg (2008) have
proposed two types of physical guidance: activemassive guidance.

Active guidance enables the proactive performantemovement coordination
patterns but physically constraints erroneous mavdsa The active guidance paradigm is
considered to support the proactive learning of emoent coordination patterns. Wulf et al.
(1998b) have demonstrated the effectiveness ohitigi with active guidance on the
performance of complex ski movements compared amitrg with no physical aid. They
have presented a study which investigated the tedfieactive guidance on the learning of a
slalom-like movement coordination pattern practieada ski simulator. The active guidance
consisted of two ski poles fixed to the floor, wh&imed to aid novice performers to achieve
body balance movements. Performances after traimittgand without active guidance were
assessed. Results reported that training with@giivdance led to significant improvements
of body balance movement compared to the otharitigaiicondition. Those results suggested
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that active guidance enhances motor learning bjitédimg the exploration of the movement
workspace proposed by Newell (1991). On the otlerdhthe passive guidance literally
guides the movement through correct performanceh \tie passive guidance, the learner
assumes a passive control of the movement pregehtm/her to make errors. Hornby et al.
(2008) showed interest in employing passive physijtadance during gait training for
rehabilitation purposes. In their study, the passjuidance provided assistance to stroke
patients by continuously tutoring lower limbs todsucorrect gait performance.

However, several researches have demonstratetdtiataictive and passive physical
guidance when provided too frequently tended teralhe process of motor learning by
making the learner becoming dependent on it. Wimsgeal. (1994) have shown that active
guidance when provided too frequently while tragnia lever placement task prevented a
learner from constructing an accurate represemtaifomovement coordination patterns in
order to be stored in GMP (Section 2.2.1.2). Thia@ns have presented experimental results
which suggested that training with frequent actipedance did not lead to significantly
accurate performance recall once physical assistams withdrawn. In contrast, when the
active guidance was faded, which means frequemtyiged at the early stage of learning
and gradually withdrawn in the course of the tragnirecall performance was significantly
more accurate. In a more recent study, Hornby.gR8D8) have drawn similar conclusions
concerning passive guidance. In their study, thbas looked at the effectiveness of gait
training with passive guidance when provided cardirsly and as-needed. Their results
suggested that passive assistance when provideeeaed was more effective. Subsequently,
the authors pointed out some drawbacks of passiveagce previously highlighted by
Schmidt & Wrisberg (2008): (1) it tended to charige nature of the movement as several
degrees of freedom remained constrained duringréii@ing and not during the performance
recall; (2) it minimized the involvement of the foemer; and (3) did not promote error
recognition and correction. Hence, Hornby et al00@ have suggested gradually
withdrawing passive guidance in the course of inginn order to enable proactive learning
and error correction mechanisms. Conclusions frois $tudy are in agreement with those
formulated by Crespo & Reinkensmeyer (2008). Inrtstudy, they have investigated the
effectiveness of such physical guidance in a sigetask. Results showed that learning
occurs better when the assistance allows increlgsomgllenging learners in order to enable
them to perform the task on their own.
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Physical guidance has been extensively employesupport motor learning in VR
(Feygin et al., 2002; Srimathveeravalli & Thenkwwiy005; Yang et al., 2008). Criticism
mentioned about the dependence trend in such @hyassistance can also be applied to the
context of motor learning in VR (Liu et al., 2005).

In the context of this thesis, physical active @umice when provided in virtual
environments in the form of composite forces swgapthrough a haptic device which drives
back the performance towards the correctness leratonsidered as a type of concurrent
augmented feedback as it is only provided onceopmadnce becomes erroneous (Section
3.1.2). Section 2.4.2 provides a description of naeigted feedback. Moreover, physical
active guidance can be considered as a prescrifgiagback of performance as it provides a
solution to committed errors. In contrast, physipaksive guidance is a purely assistive
technique which brings the performance closer ¢octincept of demonstration.

2.4.2 Information feedback

Researchers agree that information feedback isranmaunt factor for training to
support the development of motor skills (Magill 020 Schmidt & Wrisberg, 2008; Utley &
Astill, 2008). Feedback refers to the sensory imfation that states the outcome of a
movement performance or the causes of that outdontiee performer. Two categories of
feedback are distinguished: intrinsic and extrifisedback.

The intrinsic feedback, sometimes called sensosgliack (Utley & Astill, 2008) or
inherent feedback (Schmidt & Wrisberg, 2008) refershe perceptual sensory information
that naturally arises from the performance of a emeent. Intrinsic feedback can be
exteroceptive in which case the information comemfsources located outside the body, or
interoceptive, also referred as proprioceptivewinich case the information comes from
sources located inside the body primarily basedioesthetic and vestibular information
cues.

The extrinsic feedback, commonly referred as audetefeedback (Newell, 1991;
Magill, 2007; Schmidt & Wrisberg, 2008; Utley & Alt 2008) provides task-dependent
information related to movement performance thgpptements the available intrinsic
information feedback by adding an external soufcd@formation. Augmented feedback, for
example in the form of comments from an instructodjcations of performance scores and
movement characteristics, and recorded performaneeleotape format, is considered as an
important component of motor skill training (Utl&yAstill, 2008).
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Augmented feedback can be used to positively retefaorrect performance in order
to encourage accurate performance rehearsal. lalsandirectly or indirectly provide error
correction information enabling performers to miraenerrors and therefore enables bringing
movement performance closer to the objective ofabion. Augmented feedback can be
either prescriptive, which means that the inforomatidescribes committed errors and
specifies a way to solve them, or descriptive inclitase the information provides only a
description of errors produced during the perforogar(Schmidt & Wrisberg, 2008).
Prescriptive augmented feedback is considered t@heuseful at the early stage of learning,
until the learner acquires the capability to intetpdescriptive feedback (Schmidt &
Wrisberg, 2008). Moreover, augmented feedback igllys believed to play an important
motivational role in the process of motor learniiptivation is usually considered as an
important organismic constraint (Section 2.2.2:8)ich energizes the learner to strive for the
achievement of action’s goals (Young et al.,, 208thmidt & Wrisberg, 2008; Utley &
Astill, 2008).

Augmented feedback can be concurrent, which mdaatsittis provided during the
performance of the movement, or terminal, in whaeke it is provided once the movement is
finished. Two types of terminal augmented feedbaektypically distinguished: knowledge
of results (KR) and knowledge of performance (KWMggill, 2007; Schmidt & Wrisberg,
2008; Utley & Astill, 2008). Differences betweentbadypes remain in the nature of the
information conveyed to the performer. KR providef®rmation about movement outcome
or goal achievement after the completion of the emoent (Schmidt & Wrisberg, 2008). For
example, an instructor may inform a performer atterpractice of an industrial maintenance
task that the outcome of the performance is eiipgropriate or not. KR is considered to be
particularly helpful when part of the intrinsic theack is not available or too weak. However,
sometimes KR can be redundant and augment intrifséclback providing sensory
information already perceived. In contrast, KP |uleg prescriptive or descriptive
information about kinematic characteristics of theovement that lead to a specific
performance outcome (Schmidt & Wrisberg, 2008).iRstance, an instructor may inform an
operator after the completion of a polishing tasét tthe inclination of the tool was too
little” (descriptive) and eventually include advices tdlitate error correction, such as the
way the tool should be grasped to ease refinemanisclination (prescriptive). KP often

leads to quicker achievement of objectives due rtorecorrection information and it is
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considered particularly useful for learning seskills composed of complex movements on
several degrees of freedom (Mononen, 2007; Utléys&ll, 2008).

KP has been traditionally employed as terminal aerged feedback (Magill, 2007,
Schmidt & Wrisberg, 2008; Utley & Astill, 2008) arskveral studies have extended the
concept of providing prescriptive or descriptivegmented feedback in the form of
concurrent KP (Konttinen et al., 200Mononen, 2007). In a recent study (Ranganathan &
Newell, 2009), concurrent KP has been presentdlderiorm of a vertical bar which showed
in real-time about the exerted force with regamsttarget force. In this thesis, a similar
concept of augmented feedback will be used to immf@bout applied angle and force
throughout part-task training (Chapter 5). Moreoweotor skill training in VR is believed to
enable approximating the concept of KR to concuraeigmented feedback.

Several studies have highlighted the asset ofitrgiwith augmented feedback as it
enables guiding towards the correct performanaaaibr skills through practice (Todorov et
al., 1997; Young et al., 2001; for review see WalBhea, 2004). However, it is believed that
augmented feedback when provided too frequentlyindupractice tends to generate
dependence which impedes the processing of intringbrmation feedback (Salmoni et al.,
1984). Therefore, performers do not attempt to igvthe capability to produce a movement
on their own, and performance results tend to woraden augmented feedback is
withdrawn (Schmidt & Wrisberg, 2008). This has beammonly referred as the guidance
hypothesis of augmented feedback (Salmoni et 8B41Schmidt & Wulf, 1997; Wulf &
Shea, 2004; Schmidt & Wrisberg, 2008). For thissoea many studies have proposed
scheduling augmented feedback throughout the peapieriod (Winstein & Schmidt, 1990;
Wulf et al., 1998a; Mononen, 2007; Ranganathan &wéle 2009). Nonetheless, the
guidance hypothesis of augmented feedback is aaa@rsial topic. Findings from these
research studies have suggested that the effettaioing motor skills with augmented
feedback is more complex than what it seems (Wuih&a, 2004).

A study conducted by Winstein & Schmidt (1990) istigated the effect of frequency
of terminal KR to support motor learning of a levelacement task which involved
movements on one degree of freedom. The authorpa@u the effectiveness of training
with faded terminal KR which consists of providifrgquent terminal KR at early stage of
learning and gradually reducing it throughout treening, and frequent terminal KR. Their
results showed that training with faded KR led igngicantly more accurate performance

recall when compared to that with frequent KR. Ehéedings suggested that exposure to
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such augmented feedback without withdrawing it digfmut the learning process may have a
detrimental effect on performance and thus confititie guidance hypothesis. In contrast, a
study proposed by Wulf et al. (1998a) have not ébany benefits for providing faded KR to
novice participants during the training of comptagk such as a slalom-like movements on a
ski simulator. The authors compared the effectrofiging frequent terminal KR and faded
terminal KR equivalent to providing feedback aftee completion of every two trials. A
control group practising without augmented feedba&ak also considered in that experiment.
Results highlighted undoubtedly the effectiveneks$raining with augmented feedback to
support motor learning. However, faded KR did netad to higher performance
improvements when compared to the frequent KR ¢mmdi Similarly, Mononen (2007)
explored the benefits of training novices on a igien rifle shooting task with all augmented
feedback. The shooting task encompasses fine nsiiils of a particular complexity as it
required a high degree of eye-hand-arm coordinatiothat study, the author looked at the
effect of frequent and reduced exposure to terntialalong with frequent terminal KR on
motor learning. As in the study of Wulf et al. (B39, results suggested a significant effect of
augmented feedback on the acquisition of mototsskiowever, no significant differences
were found between both KP conditions.

The findings from these studies suggested thatohneplexity of the task in terms of
the number of degrees of freedom involved in thdéopmance of the skills are determinant
for the effectiveness of training enhanced with megted feedback. Apparently, more
frequent augmented feedback seems to be requirdtiddearning of complex motor skills
(Schmidt & Wrisberg, 2008). Although the performanaf a lever placement task as that
proposed by Winstein & Schmidt (1990) appeared e¢ordlatively complicated, it only
required movements on a single degree of freedonthat sense, task complexity was
minimum compared to those proposed by Wulf etl®98a) and Mononen (2007).

Although the guidance hypothesis of KR and KP ieggionable (Wulf & Shea,
2004), Schmidt & Wulf (1997) highlighted the strordgpendence trend inherent to
concurrent augmented feedback when provided tayuémetly throughout training. In their
study, Schmidt & Wulf (1997) investigated the effet training a lever placement task with
continuous concurrent feedback. Their results skothat performance dropped down once
concurrent feedback was withdrawn. Continuous coratifeedback tended to restrict motor
learning to the extent that it hinders the processif intrinsic feedback for the development

of an accurate representation of the movement awattidn pattern stored in motor programs
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(Section 2.2.1.2). In a more recent study, Randgi@ma& Newell (2009) have demonstrated
that frequent concurrent KP was effective to suppoguisition of motor skills throughout
training, but resulted to be detrimental for taskfprmance once it was withdrawn. The
authors looked at the effectiveness of several amgea feedback conditions to support
learning of a discrete force task which implicatadvements on two degrees of freedom.
Results showed that motor learning was signifigalativer when training was enhanced with
frequent concurrent feedback when compared to eztland frequent terminal feedback
conditions. These findings confirmed the strongdgace property of concurrent augmented
feedback. On the other hand, Konttinen et al. (2@l Mononen (2007) have shown the
effectiveness of reduced exposure to concurrenhauatgd feedback to support learning of a
rifle shooting task. The authors compared the eidépractice with concurrent auditory KP
scheduled on half of training trials and with temali KR. Their results showed that
concurrent auditory KP when provided in reducedjdency led to significant performance
improvements compared to terminal KR. These finsliagggest that concurrent augmented
feedback when provided in a reduced frequency mayaim appropriate solution to the
guidance hypothesis.

In this thesis, a VR training system to train saphéhe motor skills that are relevant
in fine grinding and polishing tasks will be evakd (Chapters 6 & 7). The suggested
training will follow a training program which wiknable scheduling concurrent KR and KP
and terminal KR throughout part-task training, atcurrent and terminal KR throughout

whole-task training.

2.5 CONCLUSION

In this chapter, several relevant concepts forattgpuisition of motor skills have been
reviewed. For the sake of providing an explicitidigbn of motor skill terminologies, a
review of most common classifications of motor Iskihas first been conducted. Second,
typical theorical approaches which define motoriésy as an internal process associated to
practice giving emphasis to the gradual consoltesind automatization of motor skills have
been described. Third, emphasis has been givehetalésign of the training experience
introducing two fundamental training methods: gask & whole-task training. Proper
combinations of these training methods are belideeoe particularly profitable to enhance

training of motor skills involved in the performanof fine grinding and polishing tasks.
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Finally, relevant assistance techniques such asigddyguidance and augmented feedback to
support motor learning throughout training haverbepproached. A literature review has
enabled focusing on the limitations of these teghes. Previous research studies have
demonstrated that both techniques are beneficraifator learning to the extent that they
enable guiding the practice of motor skills towacdsrectness. However, when provided too
frequently, performers tend to become dependerthém. Thus, too frequent exposure to
these techniques may prevent the processing ohsmdrinformation feedback required for
the development of accurate motor programs. Fas teason, physical guidance and
augmented feedback are recommended to be frequpriljided at the early stage of
learning, but gradually withdrawn once performagams in proficiency.

In this thesis, a VR training system enhanced widiptic force feedback will be
presented along with a training toolkit which wédhable building training programs to
support the development of fine motor skills tha eelevant in fine grinding and polishing
tasks (Chapter 5). A training program will be desig for the evaluation of the VR training
system (Chapters 6 & 7). That training program \allbw applying fundamental training
methods such as part-task and whole-task traimribeg context of VR training. On the one
hand, part-task training will be inspired by fraciation of angle and force skills and
simplification of the motion pattern at early stagfjdearning (Section 2.3.2). The integration
of part-task components will be based on the pssgve-part method (Section 2.3.3). On the
other hand, whole-task training will allow perfomgithe suggested tasks as in the real world.
Moreover, both training methods will be enhancethwoncurrent and terminal augmented
feedback.
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Chapter 3. Motor Skill Training In
Virtual Reality with Haptics

The potential of VR technologies to support leagnend training in educational
(Bossard et al., 2008), industrial (Mujber et 2004) and clinical fields (Van der Meijden &
Schijven, 2009; Coles et al., 2011) has been widelgstigated. VR can provide support to
fundamental training methods such as part-task whdle-task training (Section 2.3),
demonstrating effective motor learning and transfaeal operational environments. VR also
offers the possibility to enhance motor learninghwaugmented feedback (Section 2.4.2)
which is often not available in the real world. Mover, VR technologies such as haptic
devices which are able to provide force feedbackseveral degrees of freedom enable
interacting within virtual environments alike iratgohysical contexts.

This chapter describes the research backgrounthéuse of VR and haptic force
feedback to support the development of a VR trgisiystem which aims to train and transfer
angle and force skills to the performance of finedjng and polishing tasks in real operating

environments. Figure 6 presents the componentsatieatelevant to motor skill training in
VR.
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Figure 6. Diagram of components that are relevantator skill training in VR.
This chapter presents a literature review of:

1. The current state of motor skill training in VR gig emphasis to the effect of
haptic force feedback to improve interaction withimtual environments
(Section 3.1).

2. The application of relevant concepts employed inveational motor skill
training such as fundamental training methods {&ec3.2) and augmented
feedback (Section 3.3), to the context of VR tragni

3. The validity of transferring motor skills from wirdl to real environments
(Section 3.4).

3.1 HAPTICS: INTRINSIC FEEDBACK VS. AUGMENTED FEEDBACK

Although many VR simulators, especially those datdid to motor skill training for
clinical procedures, are devoid of haptic forcedfeck, significant training effect (Bajka et
al., 2009; Selvander & Asman, 2012) and effectissngfer of skills to operating room
contexts (Jordan et al.,, 2001; Ahlberg et al., 2082ymour et al., 2002) have been

demonstrated. However, the absence of haptic feedback has been often considered as a
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drawback in VR training simulations (Verdaasdonkakf 2006; Bajka et al., 2009). The

addition of haptic force feedback is believed tovefitable to the extent that it enables
reducing the need of conventional training on pasieimproving motor skills competence

and enabling effective transfer of motor skillsréal world situations (Van der Meijden &

Schijven, 2009; Coles et al., 2011). However, tke of haptic technologies for training

technical motor skills such as those required idustrial procedures has not been yet
generalized and remains for the moment, commeyaigsuccessful. Nonetheless, according
to Abate et al. (2009), industries show an increpsinterest in employing computer-aided
solutions to sustain competitively their activiteesd the addition of haptic force feedback is
believed to be relevant for training procedures thguire human intervention such as highly
skilled maintenance operations.

On the one hand, haptic force feedback is considarebring the concept of VR
interaction closer to realistic physical models@ying intrinsic information that cannot be
provided otherwise (Abate et al, 2009; Aziz & Mous&009; Dalto et al., 2010). On the
other hand, haptic force feedback allows improvingtor learning through VR training
proposing augmented feedback (Section 2.4.1) ifiaitme of an assistance technique (Wang,
Y. et al., 2006; Srimathveeravalli et al., 2007 skt & Yoon, 2010a).

3.1.1 The role of haptics as intrinsic feedback

Despite a growing interest for the use haptic fdemzlback in VR simulations since
the beginning of the last decade, few researchestuthve compared the effectiveness of VR
training with and without haptic force feedback $Bagan et al., 2004; Van der Meijden &
Schijven, 2009). In this thesis, VR training enhethevith haptic force feedback is believed
to be profitable for motor learning enabling thevelepment of novel motor programs
(Section 2.2.1).

Moody et al. (2001) demonstrated that the addibbrmaptic force feedback while
training suturing tasks in a virtual environmend ® significant performance and accuracy
improvements in task completion time and exertedef® on tissues.

Tholey et al. (2005) analyzed the effect of provgdihaptic force feedback in a
palpation task performed in robotic assisted syr@®AS) procedures which usually lack
haptic intrinsic information. Additional force felegick was found to positively affect task
performance at all levels of expertise providingimsic information that was essential for

accurate characterization of tissue stiffness. 18ngj Wagner et al. (2002; 2007) have
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shown how the performance of a RAS dissection fasiwhich applied forces are relevant, is
improved when haptic intrinsic information was po®d through a haptic device. In
concurrence with Tholey et al. (2005), the additadrhaptic force feedback was shown to
significantly improve the accuracy of applied facand decrease committed errors at all
stages of motor learning (Wagner et al., 2007). étloeless, haptic force feedback appeared
to be particularly profitable at an early learnstgge. Several research studies (Strém et al.,
2006; Zhou et al.,, 2012) have supported similatestants showing that haptic force
feedback enabled moving performance further odewing curve at early learning stage.

Panait et al. (2009) remarked that the effectivenel haptic force feedback is
dependent on the nature of the task. In their sttlgy investigated the effect of providing
haptic force feedback on the performance of maaipn and force-based tasks throughout
VR training. No significant training effect of hapforce feedback task was found on a basic
manipulation task. However, performance of a fdyased task appeared to be significantly
improved by haptic force feedback. These findingggest that haptic force feedback is
particularly beneficial for training force contrbised tasks.

The realism issue of haptic force feedback has kmgmroached through several
research studies. Realistic haptic force feedbaaonsidered to provide important intrinsic
information that could not be emulated otherwisaptit force feedback has been shown to
increase the overall realism of VR simulations ascrucial for an effective practice of
force-based skills (Moody et al., 2001; Zhang et2009; De Visser et al., 2011; Zhou et al.,
2012). However, there is very little knowledge cerming the degree to which the realism of
haptic force feedback supports effective motorrieeay (Van der Meijden & Schijven, 2009).
Several studies have pointed out that the laclealism of haptic interaction in VR training
could hamper the development of motor skills (AdaiR. et al., 2001; Zhang et al., 2009;
Muresan 1l et al., 2010). Adams, J. R. et al. (@0hvestigated the effect of haptic
interaction in VR training on an assembly task. yifmund that a low degree of realism of
the haptic interaction was a factor for a weak mbtgarning. In more recent studies, Zhang et
al. (2009) and Muresan lll et al. (2010) reportedal tthe lack of realism of haptic interaction
in VR training with regards to conventional traigirtechniques was critical for the
effectiveness of motor learning in VR.

Haptic force feedback has been shown to positiaéfigct the performance of motor
coordination and more particularly force controbéd tasks at all levels of expertise. Thus,

haptic force feedback enables the development w&lnmotor programs and also allows
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generalizing existing motor programs with haptitriisic information. Moreover, haptic
force feedback has been shown to be particularbfitpble at an early learning stage
supporting effectively motor learning for force tahkbased tasks. However, the
effectiveness of VR training has been argued tngly depend on the degree of realism of
haptic interaction. Nonetheless, the degree ofsmabf haptic interaction required to ensure
effective VR training is relatively hard to deterai

This work will present a VR training system enhahedth haptic force feedback
which aims to support the successful developmerangile and force skills required in the
performance of fine grinding and polishing task$hd@ter 5). The effectiveness of such
system to provide realistic haptic intrinsic infation will be highlighted among other things

through the collection of qualitative data in thkxperimental study described in chapter 7.

3.1.2 The role of haptics as augmented feedback

Apart from simulating intrinsic information as pereed in the real world, haptic
force feedback has also been extensively emplogedR training to provide augmented
feedback in the form of an active physical guidathag aids to the performance of complex
tasks for which motor coordination in term of pmsitand orientation, and force control are
important. For instance, Solis et al. (2002, 20&), et al. (2007), Sustr (2010) and Nishino
et al. (2011) presented several implementationagitic-based guidance that provide a
correcting force which rectifies the user's movetamd actively support the development of
motor coordination patterns for the handwritingcadligraphy characters. Basdogan et al.
(2004) proposed a model of active haptic guidameceaf needle insertion procedure. They
emulated the force produced by an instructor’'s hasrdecting needle position mismatches.
Morris et al. (2006) presented a haptic physicalsé@nce technique that enables providing
adjustment of exerted forces in bone drilling opierss. Wang, Y. et al. (2006, 2009)
presented a haptic arc welding training method ghavides an active haptic guidance to
emulate human tutoring on welding distance, speedetectrode position along a predefined
trajectory. Gutiérrez et al. (2010) have develope&R multimodal training system to
practice fine motor skills involved in delicate nyaation tasks, which proposed among
other things, a haptic-based guidance that provides constraints to attract or repel an
individual's hand towards a target area.

In the context of this thesis, active haptic gumkars considered as an instantaneous
and prescriptive augmented feedback equivalenotewrrent Knowledge of Performance
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(KP) (Section 2.4.2). It supports proactive motearhing and physically steers movement
performance towards correctness when it becomesenus.

Several research studies have investigated theevafusuch haptic augmented
feedback to support effective motor learning faicéocontrol and motor coordination-based
tasks. Morris et al. (2007) have demonstrated #lciive haptic guidance in the form of a
correcting force of opposite direction enabled @ffe learning of vertical force patterns
while being passively guided along a horizontagjlettory in a proactive manner. However,
several research studies have reported the compleixinterpreting active haptic assistance
at an early learning stage (Saga et al., 2005; &hnhweeravalli & Thenkurussi, 2005; Esen et
al., 2008a; Esen et al.,, 2008b). Esen et al. (2028@8b) have designed an active haptic
assistance paradigm in the form of a correctingdqrovided by a human instructor in order
to learn force patterns of similar complexity assh proposed by Morris et al. (2007). Saga
et al. (2005) and Srimathveeravalli & Thenkurug€Q5) have presented two VR training
systems that support learning of handwriting oligaphic characters using active haptic
guidance on the performance of character shapeegeded pencil pressure. Both studies
found that active haptic assistance led to higlui@ay in path tracing but low efficiency to
recall force patterns. These findings suggestwhean the task demand is high, for example
when motion is actively engaged, active haptic gna is not sufficient to support the
learning of forces.

Avizzano et al. (2002) and Rodriguez et al. (20b@ye demonstrated that the
addition of active haptic guidance for training pestively bi-dimensional and tri-
dimensional path tracing produce significant perfance improvements compared to more
conventional training assistance based on visugd.ddowever, Yang et al. (2008) found that
active haptic guidance tended to discourage pnaacérror correction, and therefore
hampered motor learning. Similarly, Liu et al. (83DGave given emphasis to the outcome of
the dependence trend of the physical assistanbaitee in the form of a rapid deterioration
of tri-dimensional trajectory performance when aethaptic guidance is withdrawn. For this
reason, haptic augmented feedback should be prbwidéerently in order to encourage
proactive motor learning. However, there is cullsenb clear compromise concerning an
effective way of providing haptic augmented feedibimoughout VR training. Rodriguez et
al. (2010) compared the effectiveness of activeibassistance provided continuously and
systematically when error rate became too highsudpport tri-dimensional trajectories
learning, but did not find any significant diffei@s. Similarly, Li et al. (2009) proposed a
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gradual withdrawing of active haptic guidance i tbourse of VR training in order to
support the performance of a placement task (Od@jadit al., 2006). However, no higher
motor learning has been observed compared to rested practice.

Several research studies have discussed the viaativee haptic guidance to support
motor learning in motor coordination and force cohbased tasks. However, no clear
consensus has been apparently found concerningfectivee provision of active haptic
assistance.

As mentioned previously, this work aims to develmd evaluate a VR training
system to train angle and force skills required ttog performance of fine grinding and
polishing tasks. Nonetheless, considering the tHciffectiveness of active haptic guidance
to support force skill learning when motion is eged, and the absence of consensus to
effectively provide haptic assistance, the impletaton of such haptic augmented feedback

is discarded.

3.2 PART-TASK TRAINING VS. WHOLE-TASK TRAINING

Conventional training based on the whole-task tnginmethod is often too
challenging for the development of novel clinicaldatechnical motor skills (Section 2.3).
Moreover, such training is often conducted in ctinds in which the safety of patients or
operators is compromised. For this reason, despéeimportance of repetitive tasking is
paramount for motor learning, it remains delic&terthermore, prior to whole-task practice,
clinical motor skills are frequently isolated irpart-task training procedure (Section 2.3) in
order to be practised separately throughout basecceses carried out on physical training
workbenches, which contain inanimate objects acki the feel and the dynamics of handling
real tissues (Fried, G. M. et al., 2004; Ritter 808, 2007; Pan et al., 2011). Such training
workbenches are usually referred to as part-tasidrs (Youngblood et al., 2005) and
remain critical with regards to the objective assgant of performance metrics (Pan et al.,
2011).

VR training improved with haptic force feedbackhslieved to efficiently support
part-task and whole-task training procedures aftgihe possibility of repetitive and safe
tasking conducted in realistic simulated environteawmith variable degrees of complexity
(Bossard et al., 2008; Johannesson et al., 201€hrisliet al., 2010; Pan et al., 2011; Bhatti et
al., 2012). Moreover, VR training enables objectmeasures of performance and accuracy
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for real-time and terminal evaluation (Haque & ®msan, 2006; Van der Meijden &
Schijven, 2009; Pan et al., 2011; Rhienmora et 2011). Performance and accuracy
assessment can be provided in the form of augmédeasstback (Section 3.3) which aims to
support motor learning during and after VR taski@gpher, 2012).

Several developments have supported motor learfiangthe performance of
educational, medical and industrial procedures jyiyeng fundamental training methods
such as part-task and whole-task training to theecd of VR (Basdogan et al., 2004; Morris
et al., 2006; Abate et al., 2009; Wang, Y. et 2009; Gutiérrez et al., 2010; Nishino et al.,
2011; Sung et al., 2011). Table 2 presents a reuietlue current state of the art of training
methods and augmented feedback employed in VRingpito support motor learning in
dentistry, educational, industrial and medicald®elThe importance of augmented feedback
in VR training will be argued in section 3.3.

As it will be discussed later, this thesis preseniR training system which enables
applying fundamental training methods such as faak-and whole-task training along with
the provision of augmented feedback in order topstpthe development of those motor
skills that are required in specific industrial manance tasks.
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Table 2. Current status of motor skill trainingvR.
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Fundamental training methods applied to VR trairtiage been found to efficiently
support the acquisition of motor skills. On the dwaad, whole-task training has been shown
to enable the development of motor programs thed ® accurate performance of motor
skills involved in dentistry (Suebnukarn et al.,109 Rhienmora et al., 2011), assembly
(Adams, J. R. et al.,, 2001; Oren et al., 2012) aundyical tasks (Moody et al., 2001;
Johannesson et al., 2010; Kalltrém, 2010).

On the other hand, part-task training based orséfggnentation of sequential motor
skills (Section 2.3.2) has been commonly employedurgical procedures and has been
shown to be effective for motor learning (Younghloet al., 2005; Aggarwal et al., 2009;
Ilwata et al., 2011, Luciano et al., 2012). Howevterhe best of the author's knowledge, few
research studies have defined a full operativenitrgi procedure to support motor learning
through part-whole integration method (Section 2.30nly Aggarwal et al. (2009) have
presented a training program in which segmentetdtpsk components were integrated into a
whole-target task.

Part-task training suggesting the simplificationtagks in the form of a reduction of
coordination requirements by using physical asst&atechniques or a modification of
environment characteristics defining several levadifficulty (Section 2.3.2) has been
widely employed to support motor learning in cakighy handwriting simulators (Solis et
al., 2003; Wang, D. et al., 2006; Eid et al., 20@&sembly procedures (Bhatti et al., 2009),
and surgery tasks such as palpation (Williams Hlgt2004a; Williams Il et al., 2004b) and
bone drilling operations (Aggarwal et al., 2006;nv8ternberg et al., 2007; Esen et al.,
2008a; Esen et al., 2008b; Iwata et al., 2011). diwless, in some particular cases, the
reduction of coordination requirements has beerwshm be not sufficient to support the
development of concurrent motor skills such as motmrdination and force skills (Saga et
al., 2005; Srimathveeravalli & Thenkurussi, 200@preover, several research studies have
defined training strategies which support motorrie®y throughout repetitive integration of
part-task components (Section 2.3.3) in the formadtgitional coordination requirements and
task difficulty increases towards whole-target tafksen et al., 2004; Aggarwal et al., 2006;
Eid et al., 2007; Von Sternberg et al., 2007; Bletal., 2009).

On basis of the review of the available literatpresented through Table 2, no
references concerning part-task training inspirgdhe fractionation of simultaneous motor
skills (Section 2.3.2) and progressive-part integraof those skills into a whole-target task

(Section 2.3.3) have been found. Thus, the impleatiem of the progressive-part integration
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of fractionized motor skills into a whole-targeskawould be a valuable contribution to the
field of VR training.

The VR training system presented in this thesisnadl applying fundamental training
methods such as part-task and whole-task traininghé context of VR. Both training
methods can be thus implemented in a training pragwhich defines a complete training
procedure. The effectiveness of part-task traimmsgired by fractionation and simplification
techniques along with progressive-part integrataond whole-task training to support motor
learning for fine grinding and polishing tasks whié evaluated through two experimental
studies (Chapters 6 & 7).

3.3 KNOWLEDGE OF PERFORMANCE VS. KNOWLEDGE OF RESULTS

The effectiveness of augmented feedback in the fariknowledge of Results (KR)
and Knowledge of Performance (KP) (Section 2.412)order to supplement intrinsic
feedback with information which respectively indeagoal achievement and kinematic
characteristics has been widely discussed (Todatowal., 1997; Young et al., 2001,
Mononen, 2007; Utley & Astill, 2008). However, tlgruidance hypothesis of frequently
provided augmented feedback (Salmoni et al., 188d)its trend to hamper the processing of
intrinsic information feedback for the developmehtccurate motor programs has also been
reported throughout VR training (Wierinck et al008). Nonetheless, augmented feedback is
considered as a prominent feature of motor learthngughout VR training (Johannesson et
al., 2010; Gopher, 2012).

Many research studies have supported the develdpsheaomplex motor skills in VR
by providing KR and KP in a concurrent or termifeshion. However, the identification of
augmented feedback as KR or KP may be sometimegyaous depending on the training
context. In single skill training, in which the kasbjective is achieved when performance of
motor skill becomes accurate, the concepts of KR iR may often merge. In contrast, in
broader training contexts which implicated the perfance of a complex task involving
several motor skills, KR and KP are easily distisgable.

On the one hand, concurrent KP has been oftengedwas active haptic guidance, a
correcting force employed when the performance aomcoordination or force control skills
tends to deviate from the reference of correctn@&sction 3.1.2). On the other hand,

concurrent KP has been often supplied in the fofna wisual indication of motor skill
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accuracy with regards to a threshold of correctnEes instance, Solis et al. (2003) have
employed visual concurrent KP using red and bluews to inform in the course of VR
training whether the shape of the calligraphy ctt@rabeing traced was correct or not.
Balijepalli & Kesavadas (2003) have presented i@tevorce statistics such as normal force
being exerted, maximum applied force, average fantketarget force during the performance
of grinding operations. Sewell et al. (2007) hawedia bar indicator to display the force
being exerted on a virtual membrane with regards target force. Esen et al. (2004, 2008b)
have proposed concurrent KP through a force indicahich informs whether the applied
force is appropriate, too weak or too high. Morep\¥esen et al. (2004, 2008b) have also
reinforced visual indication of force performancehadrilling sound effects specific to each
level of force. Wang, Y. et al. (2006, 2009) hawgpboyed a unique audio feedback to notify
inclination errors when performing an arc weldiragk. Audio information to provide
concurrent KP has been less frequently used asibben often considered inefficient as, on
the contrary to that proposed by Esen et al. (2@Q008b), it rarely provides prescriptive
information that enable error correction (Wang,eY al., 2006). Furthermore, according to
Wang, Y. et al. (2006), it may result annoying wipeovided continuously.

In contrast to concurrent KP, terminal KP has bewre rarely employed in VR
training. Fried, M. P. et al. (2005) have developedassessment technique that pointed out
errors which have occurred during the prior tragngession. Rhienmora et al. (2011) have
presented a VR simulator for training technical onoskills required in dental drilling
procedures, which provided automatic terminal pipsee KP that suggested applying more
or less force during the next trial.

Concurrent KR as that type of augmented feedbaakhninforms in real-time about
the status of goal achievement and terminal KR thdicates goal achievement at the
completion of the task have been both extensivehpleyed to support motor learning
throughout VR training. For example, Von Sternbet@l. (2007) and Luciano et al. (2012)
have provided concurrent KR throughout VR practicka bone drilling task in the form of
additional viewpoints that inform about the progred goal achievement through different
perspectives. Johannesson et al. (2010) have esdulatbal comments that patients usually
make during a painful intravenous catheterizataskt Balijepalli & Kesavadas (2003) have
highlighted the distribution of applied forces oswface model during a grinding operation
by using a colour coding which stated for the magie of those forces.

61



Motor Skill Training using Virtual Reality and Haptnteraction - A case study in industrial mairgane

KR has been also often provided at the end of VRctares in the form of
performance ratings which inform about goal achieset (Suebnukarn et al., 2010; Iwata et
al., 2011, Rhienmora et al., 2011), pictorial infation (Esen et al., 2004; Bhatti et al., 2009)
and audio warning signals (Williams Il et al., 200£dmunds & Pai, 2008; Bhatti et al.,
2009) to notify success or failure in goal achieeam

Although augmented feedback in the form of KP amlh&as been broadly employed
to support motor learning in VR training, the useboth types of feedback has been
apparently more frequently associated to part-t@sking than whole-task training (Table 2).
Effectively, part-task training has been commordgaxiated to concurrent KP in the form of
active guidance technique (Gutiérrez et al., 2Q10gt al., 2012) or visual notification of
motor skill accuracy (Solis et al., 2003; Sewellakt 2007; Esen et al., 2008b). However,
terminal KP has been less frequently used in pak-training (Fried, M. P. et al., 2005).
Moreover, concurrent KR (Balijepalli & Kesavada€)03; Von Sternberg et al., 2007;
Luciano et al., 2012) and terminal KR (Esen et2004; Williams et al., 2004b; Bhatti et al.,
2009; Iwata et al., 2011) have been also broadlgl@yed to support motor learning in part-
task training. Nonetheless, when augmented feedibask been provided in whole-task
training, it usually consisted of only KR (Edmung&lsPai, 2008; Suebnukarn et al., 2010;
Johannesson et al., 2010; Rhienmora et al., 20dly Rhienmora et al. (2011) dared
complementing terminal KR with terminal KP whiclopided prescriptive information in the
form of recommendations for next performances.

In this thesis, it is presented a training toolkitich allows scheduling augmented
feedback throughout part-task and whole-task tngimiarried out on the VR training system

(Section 5.1). Part-task training can be enhanadd w

1. Concurrent KP in the form of visual indications afgle and force skill
accuracy with regards to a reference of correctness

2. Concurrent KR as an indicator which displays renmgintime for goal
achievement.

3. Visual and audio terminal KR to inform about susces failure of task

objectives.

Whole-task training can be enhanced with concut&hin the form of a colour map
which uses a colour coding to depict task prog(8sstion 5.1.2.2). Moreover, terminal KR

in the form of performance mean scores can beptsaded.
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3.4 VALIDITY OF TRANSFER

A VR training system, to be effective, must endine generalization of motor skills
previously acquired through repetitive practicessimilar experiences in the real world
(Bossard et al., 2008). This is commonly presetedransfer of learning when it refers to
the capacity of acquiring knowledge in a sourcetexinand generalizing that knowledge to a
different context (Leberman et al., 2006), or tfansf training when it refers to the degree
of retention and application of knowledge and skillom a training environment to a
workplace environment (Bossard et al., 2008). Hawetransfer of learning and transfer of
training are often used synonymously (Leberman.eR@06). Transfer or learning is usually
associated to educational fields while transfertrafning is related to working contexts
(Bossard et al., 2008). Thus, in this thesis, fem®f motor skills to real operating
environments will be referred as transfer of tnagni

Transfer of training has been often determineddipmaring task performance in the
real world with that subsequent to VR training. &aV research studies within those
presented in Table 2, have shown that VR trainimgbée the transfer of the trained motor
skills to the real world. For instance, Von Stemgpbet al. (2007) have shown that oral
surgery skills trained on their VR training systeould be effectively transferred to physical
reality; Eid et al. (2007) have highlighted theeetiveness of their handwriting haptic-based
training system to support motor learning of callighy characters and transfer to the
performance in a real handwriting task; and Adaim®. et al. (2001) have demonstrated that
VR training of an assembly task allows transfermmgtor skills to the performance of a real
assembly task. Moreover, transfer of training canghantified by comparing performance
outcomes derived from real world training and VRinmng (Roscoe & Williges, 1980).
Several research studies have given emphasis tsféraof training by making such
comparison. However, none of these studies haweddgwantifying the degree of transfer of
training as suggested by Roscoe & Williges (19&@&well et al. (2007) have compared the
effect of VR training on a precision drilling tagtlommonly performed in bone surgery
procedure with the conventional training technigiseally conducted on egg shells. Their
results suggested that VR training enables tramsfethe practiced force control skills to
real world environment. However, for equivalent amioof training, task performance after
VR training resulted lower than after conventiotraining. In contrast, Oren et al. (2012)
have shown their VR training system enables transfg efficiently assembly skills to the

performance of a real assembly task. Task perfocmarith VR training was as good as that
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with real world training. Thus, the VR training pested by Oren et al. (2012) suggests an
equivalent transfer of training than conventionalining. Youngblood et al. (2005) have
demonstrated that naive participants trained orRap¥rt-task trainer performed better live
surgical tasks than those who trained with coneeali training methods. In that case, a high
degree of transfer of training is suggested.

The issue of transfer of training with regardshe tonditions that facilitate transfer
of skills from a VR context to a real physical emviment has been widely discussed (Rose et
al., 2000; Hamblin, 2005; Bossard et al., 2008)e Tegree of fidelity of a VR training
system to simulate a real target task is beliewedba one of the factors which support
effective transfer of training (Rose et al., 206Gamblin, 2005). Fidelity consists of the
degree to which motor skills practised in a VR dation accurately represents those motor
skills in an equivalent situation in the real wofldamblin, 2005). Transfer of training of a
VR system has been proved high in conditions oh ldggree of fidelity, that is to say, in
systems that provide realistic simulations featurgdnteraction paradigms that are close to
those of the real physical task. Furthermore, higlelity VR simulations emulate the
consequences of those interactions in the way tthe usually occur in real operating
environments. Thus, VR simulations with a high e@egof fidelity are able to simulate
performance outcomes as in the real world. This nmethat those simulations enable
discriminating between several levels of expertisecontrast, transfer of training of a VR
training system with a low degree of fidelity idibeed to be rather weak (Rose et al., 2000).

Many research studies, as those proposed in Talblav2 investigated the fidelity of
their VR training systems. For example, Martinglet(2012) have explored the realism of a
VR training system for forklift driving based on gie interaction by comparing the
suggested driving paradigm with that of the reatledkaSimilarly, Mishra et al. (2010) have
proposed to expert surgeons to compare the perfaenand the realism of a surgical task in
a VR simulator with that usually performed whilaiting in the real world. Nishino et al.
(2011) have validated the fidelity of a handwritsighulation through subjective comparison
between VR and real world task performance. Stegeé al. (2007) and Kalltrom (2010)
have respectively investigated the fidelity of a WRining system for dentistry and surgical
tasks by assessing subjectively the realism ofktlggested simulations. Moreover, as many
other research studies (Fried, M. P. et al., 200&iris et al., 2006; Aggarwal et al., 2009;
lwata et al., 2011; Rhienmora et al., 2011), Kaitr(2010) have also tested the fidelity of a

VR training system by exploring the capability dfetsystem to simulate performance
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outcomes corresponding to distinct levels of expert The study concluded that the
simulation of performance outcomes appeared to flealastic representation of the levels of
expertise in the real world.

VR training systems have been used for the devedoprof motor programs for
accurate performance of complex manual tasks. Hewdw be of any use, VR training
systems must also enable transferring those skillshe performance of a similar task
conducted in the real world. For this reason, fnsf training can be considered as a
criterion for the evaluation of the effectivene$®d/R training system. In this section, it has
been shown that a high degree of fidelity contelsuib the effective transfer of motor skills
from virtual to real operational environments.

In this thesis, transfer of training of the suggdsWR training system will be
evaluated through two experimental studies predeimechapters 6 and 7. However, the
evaluation of performance of fine grinding and phing tasks in the real world is somehow
complicated. Transfer of training will be thus dissed on the basis of the effectiveness of
the system to train motor skills and to discrimendifferent levels of expertise. Moreover,
subjective data concerning the fidelity of VR siatidns will be also collected in order to

assess the capability of the system to transfexaboperating environments.

3.5 CONCLUSION

This chapter has presented a literature reviewutiirowhich the application of
fundamental training methods to the context of U&g@ with the provision of augmented
feedback has been reviewed. First, the role ofibdptce feedback to provide intrinsic and
extrinsic information in order to support motorri@ag in VR has been discussed. Although
some authors have pointed out that no clear consetmncerning the degree of realism of
haptic force feedback to support motor learningViR has been found, in general, the
addition of haptics which allows simulating haptitrinsic information similar to that in real
operating environments, is believed to be profédolr the development of motor programs
and thus for the learning of complex motor skiflecond, the current state of motor skill
training in VR with regards to the application ahflamental training methods such as part-
task and whole-task training has been reviewedth®rbasis of the current literature review,
it is believed that a training program composegart-task training inspired by progressive-

part integration of fractionized and simplified motskills, along with whole-task training
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would be a valuable contribution to the field of tavoskill training in VR. Third, emphasis
was given to how concurrent and terminal augmerfeetback has been employed
throughout VR training. On the basis of previouslsts, a relationship between the type of
augmented feedback and training methods has beablisksed. Finally, the validity of VR
training systems to transfer motor skills from walt to real operating environments has been
reviewed. The capability of a VR training systemstpport transfer of training has been
shown to be related to the degree of fidelity @t thystem.

This thesis presents a VR training system whichsaionsupport the development of
some of the motor skills that are relevant for peeformance of fine grinding and polishing
tasks (Chapter 4 & 5). Moreover, a training toolktiich enables building training programs
is also proposed (Chapter 5). Training programsddhe motor skill training carried out on
the VR training system. They allow applying fundamaé concepts such as training methods
and augmented feedback to the context of VR.

A training program based on part-task training mfla and force skills broken down
following a decomposition scheme and whole taskitnig will be evaluated throughout the
two experimental studies presented in this theSisapters 6 & 7). To the best of the
knowledge of the author, the effectiveness of ttapgsed part-task training in VR has not
been reported so far. The training program wilbasable managing concurrent and terminal
augmented feedback throughout VR training. Moreotrer validity of transfer of the system
will be also discussed later in this thesis (Chaje
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Chapter 4. Context Modeling &

Requirement Analysis

In chapter 3, it has been shown that VR traininigagiced with haptic force feedback
which simulates realistic intrinsic information fqots motor skill training for complex
manual tasks. Among other things, VR allows paskt#raining of motor skills through
practical exercises which cannot be performed #&mesway in the real world. Moreover, a
fundamental advantage of VR training is the po8gibio enhance motor learning with
augmented feedback that often does not exist imergional training.

This chapter sets the context for the developmeat\(R training system which aims
to support the learning of a subset of motor skillolved in the performance of manual
operations commonly conducted during maintenanogpa#gns in industrial facilities. This
chapter starts by presenting the metallographitceepechnique, a non destructive technique
(NDT) for the inspection of industrial facilitiesSéction 4.1). The metallographic replica
technique requires previous mechanical preparatiothe surface of inspected materials.
Material surface preparation encompasses fine igignénd polishing tasks for which
specific training is needed. The way in which ttratning currently occurs along with the
issues to transfer and provide feedback on moverobatacteristics and performance
outcomes are presented according to the terminde§iyped in chapter 2 (Section 4.2). On
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the basis of these training issues, functionalreqdirement analyses have been conducted in
order to design a VR training system which will sed to support motor learning for fine
grinding and polishing operations (Section 4.3)d awill be assessed through two
experimental studies proposed later in thesis (@na&p& 7).

4.1 THE METALLOGRAPHIC REPLICA TECHNIQUE

Engineering equipment in industrial plants is oftsabject to critical process
conditions which result in damage to the integofyequipment. Haribhakti (2010) have
identified several process conditions that leatheo deterioration of the integrity of carbon
steel and alloy steel materials. Equipment failures/ strongly affect the safe and reliable
development of manufacturing processes, and sorestiitmay have catastrophic
consequences.

In order to ensure safety and reliable manufaajugmnocesses, industrial plants
frequently conduct maintenance campaigns during clivhinspections of operating
components are carried out. NDT for inspection rafustrial facilities are crucial for the
assessment of the material integrity and the ptewerof failure (Haribhakti, 2010). NDT
consist of techniques of in-situ evaluation of mate that composed operating components,
and enable early detection of defects (e.g. mitmeewural degradation and mechanical
damage as cracks, voids and carbides) (Gandy &8ldind996; Sposito et al., 2010). Sposito
et al. (2010) have proposed an exhaustive revieMF for the detection of specific damage
mechanisms. One of the most important NDT for tispéction of material microstructure is
the metallographic replica technique (Delle Sitalet2006; Haribhakti, 2010; Sposito et al.,
2010).

The metallographic replica supports material ligsesssment and failure analysis in
industrial facilities (Haribhakti, 2010). It contsof a sampling procedure that records the
topography of a material as a negative relief griastic foil (ASTM E 1351 — 01, 2001).
Once the replica of the microstructure of an inggetenaterial is obtained, it is then analyzed
off-site using precision monitoring tools (NT NDT@ 1991; ASTM E 1351 — 01, 2001).

The key to obtaining an accurate evaluation of madtentegrity in industrial plants
consists of two principles. First, the replica mgiste a representative picture of the damage
suffered by the material (Gandy & Findlan, 1996;TAMME 3 - 01, 2001). Therefore, the

selection of the location where to proceed withitiepection of the material microstructure
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is crucial (Haribhakti, 2010). Second, the inspeateaterial surface must be prepared in
order to remove oxide scales and impurities andalkthe microstructure of a surface free of
deformation, scratches and other defects previdostgplication of the material surface and
microstructure analysis (ASTM E 3 - 01, 2001).

This thesis looks at the development and the asssdgsof a VR training system to
support motor learning for the performance of fmeding and polishing tasks conducted for
the preparation of material surface. Figure 7 shthesstages of the metallographic replica
technique: location selection, material surfacearation, replication, replica mounting and

microstructure analysis.

bdd [Activity] The Metallographic Replica Technique )
aAchivitys
Metallographic
Replica Technique
o wAckivityn o o aAChivitys
wACvitys : wACtvityn wiClivitys .
: i Material Surface i £ i Microstructure
Location Selection Preparation Replication Replica Mounting Analysis
«ACTvily s wACtivitys whCtivitys
Grinding Polishing Etching
sclivitys whctivitys
Rough Grinding Fine Grinding

Figure 7. Stages of the metallographic replica neple with emphasis on fine
grinding and polishing operations commonly carrmat for material surface
preparation (diagram resulting from discussionshwitvo expert metallurgist

from Tecnatom S.A.).

4.1.1 Location selection

Metallographic replica must be performed preferablyocations where a material
microstructure is submitted to critical processditons (Gandy & Findlan, 1996; ASTM E
3 - 01, 2001). For instance, in power plant faedif expert metallurgists usually focus on

operating components submitted to high temperauncke pressure (Delle Sitte et al., 2006;
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Joas, 2006) as valves (Figure 8.a), pumps, stepespiurbines (Figure 8.b). On all these

components, expert metallurgists look carefullwalded seam and blades (Figure 8.b).

Figure 8. (a) Interior of an industrial valve arg) @ turbine blade on which

metallographic replica tasks are commonly carried o

The conditions of accessibility to these locati@re often critical and therefore,
material surface preparation tasks are often pmedrmaintaining uncomfortable postures.
For this reason, motor skills required in the perfance of material surface preparation need

to be trained in order to be carried out in anyaimiortable situation.

4.1.2 Material surface preparation

Before the replica extraction, the inspected malerequires previous surface
preparation in order to remove oxide scales andnglerfections that can alter its quality.
Material surface preparation involves three stéps: mechanical tasks based on abrasive
operations: grinding (Section 4.1.2.1) and polighifBection 4.1.2.2); and a chemical
treatment: the etching of the material surface tiSect.1.2.3).

The VR training system proposed in this thesis aimsupplement conventional
training on fine grinding and polishing tasks byngshaptic force feedback to simulate the

haptic intrinsic information perceived in real ogiémg environments.

4.1.2.1 Grinding

Successive grinding operations aim to remove coeoaés and scales of oxide from
the surface of the material being inspected. Expertallurgists usually employ a collection

of grinders mounted with abrasive accessories gifterent granularity.
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When grinding, the granularity of the abrasive papeoduces scratches on the
surface of the material. Metallurgists perform tiending maintaining the grinder with a
constant orientation so scratches are producedendaection. Usually, expert metallurgists
generate only horizontal or vertical scratcheshenlane of the metallographic replica area.
However, in order to be valid for microstructureasis, a replica must be scratch free.
Therefore, subsequent grinding operations must edomned alternating the grinder
orientation by 90° and reducing progressively thenglarity of the abrasive accessory (NT
NDT 010, 1991). These operations aim to remove dffects of previous grindings by
producing thinner scratches with perpendicularatioa (Figure 9).

Figure 9. Sequence of grinding operations altengatihe grinder orientation by
90° in order to remove scratches previously geedratith thinner scratches of
perpendicular direction.

Grinding is a long lasting process as the duratioeach operation increases by three
compared to the previous one (NT NDT 010, 1991)rddwer, the performance of grinding
must be accurate. Higher forces exerted on a suréan overheat and deteriorate the
microstructure of the material, whereas lower feroey be ineffective to remove scratches
generated during the previous operation. Thus, rraited amount of force should be
applied (NT NDT 010, 1991).

The ASTM standards (ASTM E 3 - 01, 2001) distingutsvo stages of grinding
operations in the mechanical preparation of a nadtewurface: (1) rough and (2) fine
grinding.

Rough grinding commonly referred as planar grindegables removing substantial
amount of oxide from the material surface. Expestatiurgists use an angle grinder
equipped with abrasive flap disc of rough grits, (@0 & 80) (Figure 10.a) and then switch to
an angle drill mounted with abrasive flap fan ahtter grits (120, 240, 320 & 400) (Figure
10.b).

72



Chapter 4. Context Modeling & Requirements Analysis

Figure 10. (a) Angle grinder equipped with abradlae disc of rough grits and
(b) angle drill mounted with abrasive flap fan terform rough grinding

operations.

Fine grinding enables removing residual oxide scdlem the material surface.
Metallurgists usually use a precision rotary toalhwight angle attachment equipped with
abrasive flap disc of thin grits (600, 800, 100@200) (Figure 11).

Figure 11. Precision rotary tool with right angléaahment equipped with

abrasive flap disc to perform fine grinding opeyas.

4.1.2.2 Polishing

Polishing consists of smoothing down the surfacthefmaterial free of oxide scales,
using a precision rotary tool with right angle akment (Figure 11) equipped with a
polishing cloth to spread uniformly a small quantt diamond paste over the inspected area.
Various grades of diamond paste are successivglyedponto the material surface, starting
from thicker (3 pum) to thinner (1 um) grades (NT ND10, 1991).
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Polishing is commonly referred to as mirror sunf@cas the purpose of the task is to
give a mirror-like finishing to the material surea¢ASTM E 7 - 03, 2003). In other words,
the inspected material surface must be as refee@ssa mirror (Figure 12). The outcome of
the polishing is usually checked using a torchtegimg the material surface.

Figure 12. Mirror-like finishing of a material sade after a polishing task.

4.1.2.3 Etching

Etching consists of a controlled preferential d&tan the freshly polished surface for
the purpose of revealing structural details, asmisrostructure. A controlled corrosion
process is engaged (ASTM E 7 - 03, 2003). The poaevolves various highly corrosive
chemical reagents resulting from the blends of ledé® and acid chemicals specific to the
composition of materials. Expert metallurgists gpible chemical reagents on the material
surface with a cotton piece (Figure 13). This malafon is considered critical as the freshly
polished surface can result easily scratched hpmedibers.

Figure 13.The etching process
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4.1.3 Remaining operations

Subsequent operations in the process of metallogragplica technique are less
relevant in the context of this thesis. They cansfseplication task, replica mounting task

and microstructure analysis.

4.1.3.1 Replication

Replication consists of recording the topographyhef material surface as a negative
relief on a plastic foil (NT NDT 010, 1991; Gandy Bindlan, 1996; ASTM E 1351 — 01,
2001). A solvent composed of acetone is applieth& prepared material surface, and a
plastic foil is delicately laid on the wet surfageoiding the air to remain between the film
and the material (Figure 14).

The replication process

Fllm?

Carbide Cu‘my

Component
surface

%mim '

Replication
cross section
Replication
image

. Cavity
rbide ;
Ciﬁmé;e image

Figure 14. Schema of the replication process whedords the topography of a

material surface as a negative relief on a regBandy & Findlan, 1996).

The plastic foil face in contact with the metal pgartially dissolved by chemical
reaction with the solvent. After the film has dri@&D to 60 seconds), the replica is pulled off
from the surface using a piece of adhesive tapeksta a corner on the back side used as

languet. The replica is then mounted on a microsabe for further analysis.
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4.1.3.2 Replica mounting

Replica mounting consists of coating the replicéhvei light reflecting material in a
vacuum chamber (NT NDT 010, 1991). Expert metaltisgusually coat the replica with a
thin layer of gold because it yields optimum costrduring the microscope observation
(ASTM E 1351 - 01).

4.1.3.3 Microstructure analysis

The microstructure analysis enables searchingdoradje (voids, cracks, carbides and
deformation of material grain) of the integritytbie material (Figure 15). The microstructure
analysis is traditionally performed using a lighptioal microscope with a range of
magnification from 50 to 1000X, although sometinvésen more resolution is needed, a
scanning electron microscope (from 500 to 5000X9hnbe used (NT NDT 010, 1991).

Figure 15. A metallographic replica correctly penied analyzed with (a) the

light optical microscope and (b) the scanning etettmicroscope.

4.2 TRAINING TECHNIQUES AND ISSUES IN FINE GRINDING AND
POLISHING

According to Hulsholf et al. (2005), the quality @fmetallographic replica strongly
depends on the accuracy of the material surfageapation tasks for which advanced skills
are required. In the course of rough grinding opena, high forces exerted with the grinder
or angle drill may lead to overheating and defognihe material surface (NT NDT 010,
1991), and low tool inclination may produce scraghvith non-acceptable direction on the
material surface. In the course of fine grindirayyér inclination of the flap disc also leads to
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the generation of scratches with inappropriatentaigon. However, for fine grinding and

polishing operations, higher forces exerted on &erna surface may hinder the rotation of
the tool disc. Thus, for the completion of thessk$a only a little amount of force has to be
applied in order not to damage the material. Nogle#ts, a too little amount of force exerted
on the material surface may result in an ineffectperformance. Finally, in the course of
polishing tasks, a too pronounced tool inclinatioay lead to a non-uniform spreading of the
diamond paste on the material surface. Therefor@omskill training on such tasks is

paramount to guarantee an efficient performandhefnetallographic replica technique.

4.2.1 Current state of training

Training on grinding and polishing operations ttadially occurs under the
supervision of an expert metallurgist who instrucgsnees on movement characteristics by
performing practical demonstrations and providiregbal guidelines. Afterwards, trainees
practise each task that compounds the materighcipreparation stage (Figure 7). Such
training is considered as whole-task training (Bac2.3). In the course of the practice, the
expert metallurgist sometimes provides concurremiiledge of Performance (KP) (Section
2.4.2) in the form of verbal feedback which aimshtghlight movement errors. However,
that feedback is somehow inaccurate (Section £R.Finally, after the completion of the
practiced task, the expert metallurgist providesteal Knowledge of Results (KR) (Section
2.4.2) to inform about performance outcomes atshage of the material surface preparation.
Figures 16 to 18 schematicdilgepresent the workflow of the activities conduatiening the
conventional training on grinding and polishingkslong with the interactions that occur

between the expert metallurgist and the trainee.

! The proposed schematics consist of activity dimgravhich are part of the Unified Modelling Language
(Chonoles & Schardt, 2003).
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ACTIVITY DIAGRAM ON GRINDING OPERATIONS B‘

Expert metallurgist Trainee

explanation

Rough grinding with angle
Practice on Rough Grinding | — g:‘;r;d:;fd‘sggénﬂe:r:.::mg fap
(Section 4.1.2,1)

Rough grinding with angular
Practice on Rough Grinding | = = g:l'ﬁ%igégﬁggp
grits (Section 4.1.2.1)

Fine grinding with
flexidrive tool performed

using flap disk of
Practice on Fine Grinding = = = 800/800/1000/1200
agrits (Section 4.1.2.1)

{Detailled in Act. Diagram on
Fine Grinding)

[MNoj
N [ves]

Are instructions =
clear enough

Figure 16. Activity diagram which depicts the wddkf of activities between the

expert metallurgist and the trainee during thentrgj on grinding operations.
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ACTIVITY DIAGRAM ON FINE GRINDING B‘

Expert metallurgist Trainee

The trainee mourts the
( - - : thicker grit abrasive
Mount thicker grits | — —— — = - aocesnr?y on the
precision rotary tool

| Switch orientation at 90° |
Thee fire: grinding with

5 flexidrive tool is performed
19 | = —| using flap disk of

- BO0B00 00 1200

grits {Section 4.1.2.1)

!

I

Cancurrent KP (Section 4,2.1) ]j Check up ) Changa 1o finer grits
Is the grit of the disk
to minimum (12007

[Yes]

Termminal KR {Section 4.2.1) Ij

Figure 17. Workflow of activities conducted duriognventional training on fine
grinding operations. Highlighted activities relatéd task performance and
information feedback are supplemented by the VRitrg system (Section 4.3).
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ACTIVITY DIAGRAM ON POLISHING Il}

Expert Metallurgist Trainee

expianaton

|: Objectives
Demo oo
( Mount polishing cioth |

[Me]

Clean up

WY

[Yes]

Apply diarmond paste
Are instructions chear enough?

19&&1%&9} ( Unmaunt polishing clath )

Clean up

Inspect with a lamp

Did we use the thinnest grade
{1 micron) of Dismond paste? ——

[Yes]

Temminal KR {Section 4.2.1) Bl

Figure 18. Workflow of activities conducted durimgnventional training on
polishing operations. Highlighted activities relhtéo task performance and

information feedback are supplemented by the VRitrg system (Section 4.3).
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The VR training system presented in this thesigdiaily aims to supplement
conventional training on grinding and polishing @imwns through VR practice (Section 4.3).
However, only those tasks that require the handdhgower tools in which weight and
generated forces can be simulated by a haptic @lestich as a Phantom Desktop device by
Sensable Technologies (http://www.sensable.comil) bei considered. Thus, the proposed
VR training will be limited to fine grinding and pshing operations for which a light
precision rotary tool is used (Figure 11).

The activities that are proposed to be supplemahtedigh VR training consist of the
practice of both tasks along with the action ofvlng information feedback during and
after that practice in order to support motor leagn(Figures 17 & 18). The proposed VR
training aims to solve the issues that arise inveational training (Section 4.2.2). Thus, it
should be performed previously to conventionahiraj.

4.2.2 Issues of current training

Although conventional training occurs under theesuision of an expert metallurgist,
the transfer of motor skills from expert to traimeenains troublesome due to difficulties to

assess performance outcomes and provide accus#tigcitions on movement characteristics.

4.2.2.1 Assessment issues

The nature of fine grinding and polishing tasksvprés the expert metallurgist and
the trainees to monitor in real-time the resulttlod interaction of the tool disc with the
surface of the material. Performance outcomes dabaachecked until the disc has been
taken off from the surface of the material. Howevlee assessment of polishing is even more
problematic.

In the course of a polishing task, the diamondgagtread onto the inspected area
impedes the performer to check the status of thieordike finishing of the material surface.
Performance outcomes are only observable onceidngodd paste has been wiped out at the
end of the task. So, only terminal KR to inform wier task objectives have been achieved
or not can be provided. The expert metallurgighiss not able to provide concurrent KR to
inform in real-time about the completion of taskjembives. Nonetheless, during the
performance of the task, advanced performers deetabevaluate the advancement of the
polishing on the basis of the elapsed time, thetedeforce and the applied angle on the

material surface. This association between taslopeance and motor skill characteristics is
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developed throughout the associative stage of meeming (Section 2.2.2.1). Therefore,
performers at an early learning stage, for examaplthe cognitive stage of motor learning

(Section 2.2.2.1), are not able to achieve sucluatian of performance.

4.2.2.2 Instruction accuracy issues

Previously to practice of fine grinding and polisipitasks, the expert metallurgist
usually provides instructions related to movemelnaracteristics in the form of verbal
guidelines and demonstration. Moreover, in the seuof the practice, the expert also
provides concurrent KP in the form of verbal instrons to inform about the accuracy of
angle and force applied on the material surfaceputhh the precision rotary tool. The
knowledge associated with the performance of aaghb force skills for fine grinding and
polishing tasks is tacit. This means that it idiclifit to explain verbally. Thus, the transfer of
motor skills from expert metallurgists to traingssoften weak and although there are no
objective measures of accuracy, the concurrentbBesd provided throughout practice does
not enable refining accurately the force being opand the inclination of the tool on the
surface of the material (Poyade et al., 2012).d#ffely, on the one hand, exerted forces and
corresponding haptic sensations are not obserasigleherefore difficult to evaluate. Thus, it
is difficult for trainees to find out what force &pply on the material surface and expert
metallurgists to provide accurate feedback on feigk. On the other hand, previous verbal
guidelines and demonstrations usually provide adgmeerview of the correct inclination of
the tool for both tasks, but do not guarantee atewefinements in the course of the practice.
Moreover, the concurrent feedback provided throughthe practice often tends to be
relatively inaccurate for angle refinements. S@couracy is a common problem with the
current training method. Training with inaccuratéormation feedback on angle and force
skills is critical for the development of motor grams (Section 2.2.1) and effective
performance of fine grinding and polishing tasks.

4.3 DESIGN OF A VR TRAINING SYSTEM

As mentioned previously, the implementation of figending and polishing task
training in a VR system enhanced with haptic irdBom and augmented feedback is believed
to improve the learning of motor skills required tbe performance of both tasks. In this

thesis, VR training system along with a traininglkit which enables building training
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programs to support motor learning for fine grirgdand polishing tasks is proposed (Section
5.1). This training toolkit enables (1) part-tas&ining (Section 5.1.1) on angle and force
skills and (2) whole-task training (Section 5.10)the performance of both tasks. Moreover,
it also allows providing concurrent and terminalgeaented feedback throughout both
training methods.

The design of the VR training system has followedethodology which proposes a
functional analysis of the system, including a gtwd requirements, aiming to provide a
description of what the system must do and how usthdo it. The phases of functional
analysis and requirement elicitation are part afyatem engineering process (Figure 19)
which collects and transforms customer needs amginrements in order to generate

information specific to the design of the VR traigisystem (DAU Press, 2001).

System Engineering Process: VR training 5y5lzern)

Functional Analysis
Process input Process output
; gzed?iv&i g - Systam architacture
- Raﬁﬁmm.en;s Requirement loop Design loop - Specifications

Design Synthesis

Requirement Analysis

Figure 19. System engineering process which definednethodology followed
for the design of the VR training system (adaptedifDAU Press, (2001)).

Section 4.3.1 describes the architecture of thpgeed VR training system while the
following sections focus on the requirements lodpolv extracts requirements for the design
of that system. Section 4.3.2 details the stepsheffunctional analysis of the system,
whereas section 4.3.3 presents the requirementsiiiazacterize the proposed VR training
system. The resulting design is presented in chdptand its effectiveness to support the
development of motor programs for fine grinding gralishing tasks is evaluated in the

experimental studies presented in chapters 6 and 7.

4.3.1 General architecture of the system

The VR training system is part of the ManuVAR pbath (Krassi et al., 2010a), a

system architecture that provides a technologindl methodological framework to support
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manual work through the product lifecycle using \dd Augmented Reality (AR)
technologies (Appendix C). Among other things, tManuVAR platform enables: (1)
supporting manual work training in industrial emviments through VR simulations; (2)
orchestrates the communication flow between alctirenected elements and (3) manages the
evaluation of performance throughout VR training.

The VR training system supports training of thoseanskills that are relevant in fine
grinding and polishing tasks. The VR training sgstalso allows providing augmented
feedback in the form of concurrent and terminal &Rl KP throughout part-task and whole-

task training (Poyade et al, 2011) (Figure 20).

bdd [Block] VR fraining system general Hrd‘l'atedur\e)

ablocks
ManuVAR platform

\

UpdatelR{KR._typa)

UpdateTerminalkRi{outoome) SetTralrfgnaioanio igthog )

Provide_TerminalkR(score)

ahlocks Show_Feedback(lype) 5 Faired
VR Simulation 23 UpdateConeurrantkR{angle, force)

Handier) Provide_IntrinsicFeedback(force)

UpdateConcurrentFeedback{angle, foroe)
ablocks
Haptic interface

Figure 20. Block diagram of the general architextof the VR training system
which enable part-task and whole-task training ead provide concurrent and
terminal augmented feedback; and a representatitmednteraction between all

the actors involved in the proposed VR training.

4.3.2 Functional analysis

The purpose of a functional analysis is to provaeoherent description of the
functionalities of the VR training system. In otheords, the functions that the VR training

system must carry out (Section 4.3.2.1) and hawwist be done (Section 4.3.2.2).
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4.3.2.1 System Use Cases

The functionalities of the VR training system aepitted in the form of a use case
diagrant (Figure 21). Each use case provides a descripfiarhigh level functionality of the
system (Table 3) which satisfies one or severattfanal requirements (Section 4.3.3).

Motor Training - use-case diagram )
Get Concurrent KR
sextend n e
Get Whole-Task
Training
Get Final Feedback

Get Real-Time wactors
Feedback Evaluation
system
wextends .-
Gat Part-Task
Training

.
«ex‘lendQHH

Simulate

1
|
| aincludes
i
1

e Get Training

Trainee

Get tem Feedback

Figure 21. Use case diagram that describes theidmadities of the VR training

system.

2 Use case diagrams are part of the Unified Modgllianguage (Chonoles & Schardt, 2003) and its siden
for Systems Engineering, SysML (Friedenthal et2008).
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Table 3. Description of the functionalities of ¥R training system.

Use-case o » ] .
Description Pre-conditions Narration Post-conditiors
name
Get training This use case support§he trainee is logged in  The trainee is offered through the VR training sgsto train Performance

the proposed VR
training. It allows the
trainee to choose
between two training
methods to practice
motor skills for the
performance of fine
grinding and polishing
operations (Figure
22).

the ManuVAR platform

and aims to train motor
skills for the performance

of fine grinding or
polishing task.

following two training methods: (1) part-task traig method that
proposes a set of training items in which angle fancke skills
required in fine grinding and polishing operati@as be practised
separately and progressively recombined in orderactise both
skills simultaneously; and (2) whole-task trainimmgthod in which
fine grinding and polishing tasks can be practisea simulated
environment as they are usually performed in rpalating
environment.

Both training methods can provide concurrent anchiteal
augmented feedback. The part-task training methodpcovide
concurrent KP and KR throughout practice in orderespectively
inform about motor skills characteristics and itelojective
achievement rate; and terminal KR to provide alfimdication
whether training objective has been achieved arTiod whole-
task training method can provide concurrent anchiteatl KR in
order to state for goal achievement during and &ditgk practice.
With both training methods, the trainee is immerisea virtual
environment which simulates the chosen task, aceives
instructions concerning task objectives. The trainandles a
haptic device like a real precision rotary toolhwiight angle
attachment would be hold (Figure 5). The trainemdhes the
virtual precision rotary tool to start the selectexdning.

outcomes are
collected in an
evaluation system
implemented on the
ManuVAR platform
so that expert
metallurgists and
trainees can assess
performance
outcomes (terminal
KR) and learning

curves for both tasks.
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Use-case

name

Description Pre-conditions

Narration Post-conditiors

Simulate

Get Part-Task
Training

This use case enablesThe VR training system
the simulation of fine launches the virtual
grinding and polishing environment
tasks in a virtual
environment

The use case starts when the system loads albthpanents and
set configuration parameters in the virtual envinemt.

The system simulates the haptic sensations pecteiveal
operating environment by providing haptic forcedieack.

The system simulates the task to be trained.

This use case enables The trainees has selected The use case starts when the trainee launchedrthal precision  Performance

part-task training of ~ part-task training
angle and force skills

involved in fine

grinding and polishing

tasks (Figure 23).

rotary tool in order to proceed to part-task tnagni outcomes are

The trainee practises all the training items inclhilangle and force collected in an

skills defined for the performance of the trainaskican be evaluation system

practised separately and simultaneously. implemented on the

Concurrent KR and KP (use case: Get Real-Time Fagdlran be ManuVAR platform

provided throughout those training items and teaiiKR (use so that expert

case: Get item Feedback) can be displayed aftexaimpletion of  metallurgists and

each item. trainees can assess
performance

outcomes (terminal
KR) and learning

curves for both tasks.

sisAjeuy sluawalinbay % Buljepon 1xawo) 7 1e1deyd



88

Use-case
Description Pre-conditions Narration Post-conditiors
name
Get Real-Time This use case enables Concurrent KR and KP  This use case starts when the trainee beginsnangatem which
Feedback providing to the have been specified to enables part-task practice of angle and/or fordissk
trainee real-time appear throughout part- The system provides real-time augmented feedbatheiform of
information feedback task training (Figure 24). indicators that state for the values of the practimotor skills
in the form of (Figure 24).
concurrent KP to The system also provides real-time feedback irfdha of a visual
inform about accuracy indicator that informs about the time spent on n@iting the
of trained motor skills, practiced motor skills within the ranges of accyré€igure 24).
and concurrent KR to
inform about
remaining time before
goal achievement
during part-task
training.
Get item This use case enables Terminal KR has been This use case starts when the trainee completaiéng item in
Feedback providing to the specified to appear after the process of part-task training.

trainee terminal KR training item completion
which informs in part-task training
whether the objective (Figure 23).

has been achieved or

failed at the end of a

training item (Figure

23).

The system provides information about goal achiern the
form a visual indicator which states for successfulnsuccessful
performance at the end of the training item (Fig2B®
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Use-case

Description Pre-conditions Narration Post-conditiors
name
Get Whole- This use case enables The trainee has selected The use case starts when the trainee launchedrthal precision  Performance
Task Training  whole-task training on whole-task training rotary tool in order to proceed to whole-task tiagnin a simulator outcomes are

Get Concurrent
KR

Get Final
Feedback

the performance of
grinding and polishing
tasks (Figure 25).

This use case enables Concurrent KR has been
providing to the specified to appear
trainee concurrent KR throughout whole-task

in the form of a colour training (Figure 25).

map to inform about

progression of goal

achievement in the

course of whole-task

training.

This use case enables Performance outcomes
providing to the from whole-task training
trainee terminal KR to are collected in an
inform about for evaluation system
performance score.  implemented on the
ManuVAR platform

application.
Concurrent KR (use case: Get Concurrent KR) caorbeided in
the form of a colour map.

The use case starts when the trainee begins wasietriaining on
the performance of fine grinding or polishing task.

The system provides real-time information feedbarckhe
performance of fine grinding or polishing task lire form of a
colour map which used a colour scale to inform afloel status of
the completion of the practiced task on the madtetigface.

This use case starts when the trainee completeghble-task
training on the performance of fine grinding oripbing task.
The system informs the trainee about the averaeciampletion
rate through the performance analyzer, an evaluabol used by
the ManuVAR platform for performance assessment.

collected in an
evaluation system
implemented on the
ManuVAR platform

so that expert
metallurgists and
trainees can assess
performance
outcomes and learning
curves for both tasks.
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4.3.2.2 Main system scenarios

As mentioned previously, the VR training system sito supplement conventional
training on fine grinding and polishing tasks ($@tt4.2.1). The conventional practice of
both tasks is proposed to be supplemented withtaskt and whole-task training in VR
(Figure 22). The functionalities of the VR trainisgstem in terms of what activities are
carried out during part-task and whole-task trajnand how a trainee interacts with the
system are represented through several activityraias (Figures 23 to 25).

In contrast to conventional training (Section 4)2MR training enables several task
rehearsals following the part-task training metkduch enables separately practising each of
the motor skills that are relevant for fine gringliand polishing tasks, and whole-task
training. Moreover throughout VR training, a muclornm accurate concurrent augmented
feedback can be provided when compared to thatogezpin conventional training (Section
4.2.2). Moreover, that augmented feedback whichsists of concurrent KR and KP and
terminal KR, is based on an objective evaluatiopaeformance.

The VR training system aims to carry novice tram&em the cognitive stage to a
more advanced stage of motor learning such ass$wcetive stage (Section 2.2.2.1). Thus,
the VR training system intends to form advancedigoerers for whom motor learning
throughout conventional training will not result peoblematic as for novice performers
(Section 4.2.2).
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ACTIVITY DIAGRAM ON GET TRAINING B‘

Trainee

| Select Training method - — — — The Trainee selects the type of training Iﬁ

[Pari-task training] [Whole-task training]

Dedaillesd in Act. Diagrarm on

(D1‘g:a|'flgd‘l|fl i\kcir D'Ta?rar;n on Get Whole-Task Training for
st Part-Task Tralning for . - -  Whole-Tas inin
fine grinding and pons?mi ng - (Ge‘ Part-Task Training ) ( Get Whole-Task Training ) ~ - ?::kgrlr‘-dlng and polishing

{ask

The system evaluats the status of goal ﬁ

achievermneant for the selected training
Evaluate Performance } — = — | mathad
. The system provides terminal KR in
{ Pravide Feedback :]"' — — — J the form of perfermance score so
that expert metallurgists and frainees

can assess performance ouloomas and

i learning curves for both tasks.

Figure 22. Activity diagram which represents thepstise actions carried out
during VR training. The trainee must first seleke ttraining method for the
desired task. Secondly, the trainee practices @8k in VR according to the
selected training method. Finally, the trainee #relexpert metallurgist receive
augmented feedback in the form of performance sdisgayed in an evaluation

system of the ManuVAR platform (Appendix C).
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ACTIVITY DIAGRAM ON GET PART-TASK TRAINING ﬁ

Concurrant B
KR & KP

(Section 5.1.1.2)
(Detailled in Act.
Diagram on Provide
Concurrent Augmented
Feedback)

VR Training System

Launch VE & Haptics

[Next

e
]

I= training item over?

==
Terminal KR
{Section 5.1.1.2)

Trainee

A scenario for part-task training
iz composed of several items in
which cancurrent and terminal
sugmenied feedback is specified

|- — — { Salect Scenario

Laoad Training [tem

The Components of part-task
training: virtuel envirenment
along with the concurrent

== = — 7 augmenied feedback

(if required) are loaded

< [Ma]

Show Feedback: Error | ,--'|: Show Feedback: Good :|

Start Training

Frovide Feedback

[Ma]

[Yes] [Yes]

| Resit VR & Haptics

Ferform task

Are objeciivas achieved
{Were trained skilljs)
maintained sufficiently
within the range of
coreciness)?

Are there more training items?

[Na]

(
°

Figure 23. Activity diagram for the part-task triaigg method.
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ACTIVITY DIAGRAM ON PROVIDE CONCURRENT ALUGMENTED FEEDBACK B‘

VR Training System

Are trained skillls) applied comeactly
within the range of correctness?

Reset Time within Range

|

Time within Range consists
af concurrent KR in the
form of a timer which
indicates remaining time Update Timers
until goal achievement
[Section 5.1.1.2)

Provide time of the training item
& concurent KR {Section 3.1.1.2)

Update Concurent KP:
The value of rained skilis)

: _ _ | (angle andfor force) specified
( Undate Concurrent kP ) in the item content which is
displayed in real time indicators

is updated (Saction 5.1.1.2)
Figure 24. Activity diagram for providing concurtesugmented feedback in the

form of KR and KP throughout part-task training.
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ACTMITY DIAGRAM ON GET WHOLE-TASK TRAINING B‘

VR Training System

Launch VE & Haptics

Trainee

A scenarno for part-task raining

is composed of several items in -
‘which concurrent and terminal

avgmented feedback is specified

Load Training Scenario

Tha Components of whole-task B
training: virtual ervironment

— | along with the concurrent

augmanted feedback

{if requined) are loaded

Item
xt ltem]

Concurrent KR pravided
through a colour mag
{Secction 5.1.2.2)

]

For every Frame

Start Trakning

.- eride Task evaluation & Feebacb

Perform task

[res] _ _ _ | Opinicn: 1s the task
considered as complete?
[Na]
[esg]
= T 7 7 Are there move training lems?
[Me]

Reset VE & Haptics :I

Figure 25. Activity diagram for the whole-task treag method.
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4.3.3 Requirement analysis

Interviews with two expert metallurgists and thetref the professional team from
Tecnatom S.A. enabled the capture of a series stbmer requirements that specify their
needs and what they expected from the VR trainyggesn. Customer requirements were
translated into a set of functional requirementsctvliefine what the system must be able to
achieve and how it must be achieved. Table 4 detiad functional requirements of the VR
training system and Figure 26 depicts the hieraathielationships of those requirements
associated to the system use cases (Figure 219atisfied them.
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Table 4. Requirements of the proposed VR trainysgesn.

Id Name Description Rationale Verification Relatedto

Req. 1 Simulate grinding  The system must beThe simulation of the task is required to A trainee performs the training  Simulation
capable of simulating perform training on independent motor task according to a (Req. 17)
fine grinding skills and whole-task training. parameterization specified by
operations. expert metallurgists.

Reg. 2 Simulate polishing  The system must beThe simulation of the task is required to A trainee performs the training  Simulation
capable of simulating perform training on independent motor task according to a (Req. 17)
polishing operations skills and whole-task training parameterization specified by

expert metallurgists

Req. 4 Haptic feedback The system must  Haptic feedback is needed for an Verified when its sons are Geometry
provide haptic effective training on motor skills and verified. (Reg. 14)
feedback when performance of task.
performing on a
material surface.

Req. 5 Task feedback The system must Verified when its sons are
provide visual verified.
feedback of how the
replica is being
performed.

Req. 7 Stereoscopic The system must Stereoscopic visualization is needed to The visualization element enablesSimulation

visualization present the virtual perform the manual task as it enhances to stereoscopically visualize the (Req. 17)
environment on a depth perception in the 3D environment.virtual environment in 3D.
stereoscopic display. The stereoscopic cues can be

activated and deactivated.
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Id Name Description Rationale Verification Relatedto

Req. 8 POV tracking The system must  Movement parallax is needed to enhanc&he point of view of the trainee is Stereoscopic
present the virtual the realism of the virtual environment. tracked and the components of visualization
environment the virtual environment are (Req. 7)
according to the reported to be static when the
position of the trainee moves.
trainee's point of
view.

Reg. 11 Noise The system must be The ambient noise would enable The system reproduces the Environment
capable of surrounding the trainee in an industrial provided industrial noises. (Reg. 31)
reproducing ambient facility that cannot be seen but heard.
noise.

Req. 12 Light The system must be Various illumination configurations can Different levels of environmental Environment
capable of simulating be setup in the system. illumination are shown and expert(Req. 31)
several ambient light metallurgists report about the
conditions. realism.

Req. 13 Dust The system must be The system should simulate various leveDifferent levels of environmental Environment
capable of simulating of dust into the virtual environmentto  dust are presented and expert  (Req. 31)
dust in the air. make difficult the performance of the = metallurgists report about the

task. realism.

Req. 14 Geometry The system must be The system must simulate industrial Verified when its sons are Simulation
able to process the  equipments with arbitrary shape (i.e.  verified. (Req. 17)
geometry of the complex pipe structures), place the

virtual environment  metallographic replica area and simulate
for the simulation of the haptic working conditions.
the task.

L6
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Id Name Description Rationale Verification Relatedto

Reg. 15 Components The system must beThe system must simulate the industrial Different components are Geometry
able to represent components with arbitrary shape (i.e.  attempted to be loaded in the (Reg. 14)
arbitrary geometries complex pipe structures). virtual environment.
in the virtual
environment.

Req. 16 Inspected area The system must b& he system must simulate the working Several components are loaded Geometry
capable of simulating area, being able to place the and the metallographic replica  (Req. 14)
the inspected area.  metallographic replica area on the area and rough oxide coat layer

component. The area must be a set of must be placed onto it.
several sub-areas surrounded by rough
oxide coat layer.

Req. 17 Simulation The system must be The system enables performing grindingVerified when its sons are Simulation
capable of simulating and polishing operations on specific verified. (Reg. 17)
the performance of  components.
fine grinding and
polishing operations
on specified
components.

Reg. 19 Blur The system must be The system must make difficult the Several levels of blur are shown Environment
capable of blurring  performance of the task by simulating and expert metallurgists report  (Req. 31)
the visualization due the condensation on the personal about the realism.

to condensation on
protective glasses.

protective glasses.
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Name

Description

Rationale Verification Relatedto

Req. 25

Req. 26

Req. 27

Req. 29

Final Feedback

Training program

RT Feedback

Performance
Feedback

The system must
provide the final
outcome from the
performance of the
task.

The system must
support a training
program.

The system must inform the trainee The trainee completes the task  Task
about performance rate at completing thand is informed about his/her feedback
task (Terminal KR). Performance rate  performance rate through the (Req. 5)
consists of a percentage that states for performance analyzer.

the average completion of the task in the

metallographic replica area.

The system must enable using a trainingVerified when its sons are
program to support the development of verified.

complex motor skills for the

performance of fine grinding and

polishing operations.

The system must beThe system must inform in real time the Trainee practice angle and force Task

capable of providing
Real time feedback
on motor skill
performance.

The system must
provide a real-time
and natural feedback
on the outcome of
task performance.

trainee about the correctness of the skills through a training session. feedback
trained motor skills (concurrent KP &  Initem 1, only RT feedback on (Req. 5)
KR). angle is shown; in item 2, only

RT feedback on force is shown;

in item 3, both RT feedbacks are

shown and in item 4 no RT

feedback is displayed. (Chapter

6)

The system must provide a real time  Expert metallurgists perform the Task
performance feedback stating for the  tasks and report for the realism offeedback
advancement of the task (concurrent  the provided feedback. (Req. 5)
KR). The feedback is provided in the

form of a colour map laid onto the

metallographic replica area. Moreover,

the colour map can be also magnified

and displayed in a lateral window.
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Id Name Description Rationale Verification Relatedto

Reg. 31 Environment The system must be The simulation must be capable of The configuration is loaded in the Simulation
capable of simulating simulating the environmental setup virtual environment. (Req. 17)
the configuration of  within the virtual environment.
the virtual
environment.

Reg. 32 Skills training The system must be The system must enable training Verified when its sons are Training
capable of supporting complex motor skills (angle and force) inverified. program
part-task training of  an independent and concurrent manner (Reg. 26)
motor skills. (part-task training).

Req. 37 Tool noise The system must be The system must improve the realism of The trainee reports about the Environment
capable of the performance of the task by changes of noises when the (Reg. 31)
reproducing realistic reproducing the sounds generated by reabtating wheel of the virtual
sounds produced by power tool when operating on the power tool is in contact or not
the power tool material surface and when rotating with the material surface.
operating. freely.

Reg. 38 Vibration The system must  The system must enhance the realism oExpert metallurgists perform the Haptic
simulate the rotary  the performance by simulating vibrationstasks and report about the realisnfeedback
vibrations of the resulting from the functioning of the of the vibrations. (Req. 4)
power tool. power tool.

Req. 39 Iltem Feedback The System shall The system must state for the correct or Trainees perform the motor skill Task

provide feedback at incorrect performance of the motor skillstraining and receive information feedback

the end of each training (Terminal KR). concerning goal achievement (Req. 5)
training item after each training item (Green

indicating to the Tick for good performance and

trainee whether red cross for bad performance).

he/she has performed
well or bad.
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Id Name Description Rationale Verification Relatedto

Reg. 40 Tangential force The system must The system must enhance the realism oExpert metallurgists perform the Haptic
simulate tangential  task simulating the tangential forces tasks and report about the realisnfeedback
forces as a function  resulting from the contact of the rotating of the tangential forces. (Req. 4)
of force and angle wheel over the material surface.
applied on the
material surface.

Req. 41 Whole-task The system must be The system must provide training on the Trainees perform whole-task Training

training capable of providing performance of fine grinding and training for fine grinding and program
whole-task training.  polishing tasks as they are usually polishing operations. Their (Reg. 26)
performed in real industrial contexts.  performance results improved by
this training.

Req. 42 Angle The system must be The system must enable training angle The trainee trains on tool Skills
capable of providing skill separately. inclination. training (Req.
training on angle 32)
skill.

Req. 43 Force The system must be The system must enable training force The trainee trains on applying  Skills
capable of providing skill independently force on the material surface. training (Req.
training on force 32)
skill.

Req. 44 Tools The system must be The system must simulate the geometry The tool geometry can be load in Geometry
capable of simulating the Proxxon rotary tool with a right anglethe virtual environment and (Reg. 14)
the geometry of attachment equipped with a tool expert metallurgists report about
power tool. consumable. the realism.
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Figure 26. Hierarchical representation of functloreguirements associated to VR training system azses that satisfied them.
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Chapter 4. Context Modeling & Requirements Analysis

4.4 CONCLUSION

This chapter has presented the modeling of a VRihg system which aims to
support the development of motor programs for éffecperformance of fine grinding and
polishing tasks. First, the metallographic replieahnique during which fine grinding and
polishing tasks are conducted to prepare the stidathe inspected materials was described.
Second, the state of the current training for fgrending and polishing operations was
reviewed, and several issues in that training hbgen highlighted. Third, a detailed
methodology which consists of functional and reguent analyses and aims to provide
guidelines for the development of the VR trainiggtem has been presented.

Later in this thesis, the VR training system issprged along with a training toolkit
that enables building training programs which allpractising those motor skills that are
relevant for the performance of fine grinding analighing tasks through part-task and
whole-task training. The training toolkit also péisrenhancing VR training with concurrent
and terminal augmented feedback. The resultingydesnd development of the VR training

system are presented in the chapter 5.
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Chapter 5. Design of the Methods

In chapter 4, functional analysis was carried oat fasks involved in the
metallographic replica technique as well as in emtwnal training procedures. Then, a
requirement analysis was presented and a VR tpisystem for supplementing that
conventional training has been specified. Theseifpations are focused in a VR training
system which aims to support the development ofeaagd force skills using haptic force
feedback through part-task and whole-task trainiiigs system also enables the provision of
augmented feedback in the form of concurrent anditel Knowledge of Results (KR) and
Knowledge of Performance (KP) (Section 2.4.2) that usually not available in real
operating environments.

First, this chapter presents the resulting desfgh@VR training system. It proposes
a training toolkit which enables building trainipgograms to support the learning of angle
and force skills through the VR training system of@m 5.1), along with the haptic
simulation of operating conditions of the precisrotary tool employed in fine grinding and
polishing tasks (Section 5.2). Then, the implemtgmaof a model for the performance of
both tasks in VR is described (Section 5.3) alonth whe methodology which has been
followed to determine the values of the parametéthat model (Section 5.4).
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Chapter 5. Design of the Methods

5.1 TRAINING TOOLKIT

As mentioned previously, the training toolkit allewuilding training programs which
enable applying fundamental training methods swlpaat-task and whole-task training to
the context of VR (Sections 5.1.1 & 5.1.2) and wHoproviding augmented feedback
throughout the training process. That augmentedbfzek consists of KR and KP. On the one
hand, concurrent KR and KP, and terminal KR infthren of visual and audio indication can
be scheduled throughout part-task training (Sechdnl.2). On the other hand, concurrent
KR in the form of a colour map to inform in reatre about the status of task completion and
terminal KR as performance scores can be both gedvihroughout whole-task training
(Section 5.1.2.2). Figure 27 offers an overviewtlod functionalities supported by the VR
training system and proposed by the training taolki

bdd [Block] VR Training System: Training Teolkiy

Training Program

Y

Part-task training Whole-task training

?I? t !

Concurrant KP Concurrent KR Terminal KR Concurrant KR Terminal KR

Figure 27. The VR training system enables carrymg the VR training
suggested through a training program built with tfening toolkit. Training
programs encompass part-task and/or whole-taskirgaithroughout which
augmented feedback can be provided.

Later in this thesis, the effectiveness of the MRining system to support the
development of motor skills that are relevant imefigrinding and polishing tasks will be
investigated (Chapters 6 & 7). To do so, a traipnggram based on part-task training and
whole-task training enhanced with concurrent anmthitegal augmented feedback will be
specifically designed.
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5.1.1 Part-task training method

Part-task training aims at the development of ateufine motor skills such as angle
and force skills for the performance of fine grimgliand polishing tasks. Such discrete skills
that are usually trained simultaneously in the ngalld, can be here broken down into
several part-task components in order to be petttseparately, and then progressively
combined in order to build anew the whole-targsktgsection 2.3.3). Moreover, concurrent

and terminal augmented feedback can be providedder to support motor learning.

5.1.1.1 Part-task training design

Part-task training proposes a set of training itémsugh which angle and force skills
can be practised. The sequence of those itemsasnreended to consider a design inspired
by progressive-part practices of fractionized antpsified skills (Section 2.3.3). Thus, angle
and force skills can be performed separately thmoug first training items and then
combined in order to be practised together.

In each training item, trainees are required tortexarce and angle the virtual
precision rotary tool on the surface of the inspdanaterial within the metallographic replica
area displayed in the virtual environment (Figu8). Haptic interaction within the virtual
environment is supported by a haptic device whiamios the operating conditions of a real
precision rotary tool (Section 5.2). Trainees aquested to maintain the trained skill(s),
within specific ranges, continuously for a prolodgeeriod of time. Information about ranges
for angle and force skills and the time during vahtkce trained skill(s) must be maintained in
range can be displayed in the form of graphicaltamtual instructions from the beginning of
the item (Figure 28). Recommendations for thresha@llies of these ranges are made in
section 5.4.2.

A right lateral panel provides support to displayncurrent augmented feedback
indicators (Figure 28). Concurrent KP and KR inforespectively about accuracy of the
trained skill(s) and remaining time within rangefdse the item goal is achieved (Section
5.1.1.2). The ranges for angle and force skills banalso notified in concurrent KP

indicators.
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Training exercise timer Text instruction Lateral panel

This erercise consists of momeaving polisher ool force between 190353
< Wewtons v incaton etween 013 10 deees

Force
indicator

From 0 degrees
to 10 degrees

_ Angle
< | *— indicator

Remaining
time within
€ range

indicator

Sound
€ feedback

Graphicalinstruction Metallographicreplicaarea

Figure 28. The part-task training interface

Part-task training aims to support motor learnihgptighout several rehearsals of
training items. However, training items may oftgpear too challenging at an early stage of
learning hindering the formation of motor prografos accurate performance of angle and
force skills (Section 2.3.1). For this reason, strecommended that the performance of
training items is simplified at the early learnisgage. That simplification consists of
decreasing the level of difficulty by withdrawinget motion pattern usually carried out
during the performance of fine grinding and polghiasks in real operating environments.
Thus, through several training items, angle andcefoskills can be practised while
maintaining the virtual precision rotary tool infized position. Nonetheless, the level of
difficulty of items is recommended to be increagsedrder to make part-task training more
challenging once the trainee’s performance become® proficient. Therefore, angle and
force skills are then suggested to be practisedevatiempting moving the virtual precision
rotary tool across the metallographic replica @eaording to motion patterns usually carried
out in real operating environments. Figure 29 detiie proposed part-task training method
with and without simplification of the motion patte
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A: Angle A: Angle
F:Force F: Force
M: Motion M: Motion
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Figure 29. Part-task training method which cons@ftga) a progressive-part
practice of fractionized angle and force skillshwmotion pattern simplification;
and (b) progressive-part practice of fractionizedla and force skills including

motion pattern.

The effectiveness of part-task training to suppastor learning has been investigated
through the experimental study presented in chaftePart task training consisted of
progressive-part practice of fractionized angle famde skills through exercises composed of
several training items. The motion pattern was $fired at the early learning stage and then

integrated into the training design as shown inuFeég29.

5.1.1.2 Augmented feedback

The VR training system allows enhancing part-taakning with concurrent KP and
KR and terminal KR (Figure 27). As mentioned presly, concurrent KP and KR state
respectively for the accuracy of the trained skjlidnd the status of the achievement of the
item goal. Terminal KR indicates whether the iteoalghas been achieved or not. These
types of augmented feedback can be scheduled tmwatigart-task training. Figure 30
presents a block diagrémwhich represents the settings of augmented fe&dioagart-task

training.

% Block diagrams is part of the Unified Modellingriguage (Chonoles & Schardt, 2003) and its exterfsion
Systems Engineering, SysML (Friedenthal et al. 800
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bdd [Block] Par-Task Training: Augmentert Feadback /|

Concurrant
KP

angle skill

—

Avgmented
feadback
indicators
Wistial
Concurrent Terminal KR
KR
L4
] E
1\.
: toin- S
Foree skl ﬁ:;l: ia{t)?h "." Vizual Sound

’_'_'

Visual Sound Wisual Sound
Bar Bial Bar Dial
Flange Range Range Rangs
comect cormct cormact corract
-ness -NEsS ness nEss

Conrcurrent KR indicator

informs about remaining

time within range: for goal
achievement

Figure 30. Configuration of augmented feedbackdatdirs in part-task trainifig

As mentioned previously in section 5.1.1.1, conenirKP and KR are displayed in a

right lateral panel (Figure 28). Concurrent KP astssof (1) visual indicators which show in

real-time the angle (Figures 31 & 32) and the fdfeigures 33 & 34) being applied on the

material surface through the haptic device and #2)sound indicator that indicate

instantaneously whether the trained skill(s) ariawithe required ranges (Figure 35). Visual

indicators can be configured manually as a vertizal (Figures 31 & 33) or a dial gauge

(Figures 32 & 34) through a selection button loddbelow the indicator. Moreover, these

indicators can also display the ranges which réfethe targeted angle and force skills
(Figures 31.b, 32.b, 33.b & 34.b). The range okidl s bounded by two grey lines on a

vertical bar indicator (Figures 31.b & 33.b) andrkeal as green area on a dial gauge (Figures

* SysML Glossary:

—= Generalization: defines an inheritance relatiom$tsitween two block features

-—— Composite aggregation: defines the property tdadure (i.e. the range of correctness is a

property of the visual indicator of concurrent KFhe lack of indication of the range of correctness

does not alter the functionality of the indicator).
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32.b & 34.b). Audio KP can be activated and deat#iel through a selection button located at
the bottom of the right lateral (Figure 35). Figu@l to 35 show the possible configuration
of the concurrent KP presented in the right latpeadel.

< <

(a) (b)

Figure 31. Bar indicator for angle skill with (ap meference of correctness to
indicate targeted angle and with (b) two grey litesnark the boundaries of the

range for angle skill.

(a) (b)

Figure 32. Dial indicator for angle skill with (ap reference of correctness to

indicate targeted angle and with (b) a green arshdw the range for angle skill.
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(a) (b)

Figure 33. Bar indicator for force skill with (a)prreference of correctness to
indicate targeted force and with (b) two grey linesnark the boundaries of the
range for force skill.

(a) (b)

Figure 34. Dial indicator for force skill with (ajo reference of correctness to

indicate targeted force and with (b) a green aveshow the range for force skill.

(2} (b)

Figure 35. Sound indicator to inform in real timbether angle and/or force skills

are within ranges: (a) deactivated and (b) actdzate
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The effectiveness of concurrent KP indicators tppsut the successful development
of angle and force skills was investigated throaghser evaluation test carried out by the
Human Factors Research Group at the University aftifhgham (Langley et al., 2011).
Visual concurrent KP indicators were found to resut significant performance
improvements throughout VR training. However, ngngicant differences between the
suggested configurations, bar or dial, were reporiéus, all visual indicator configurations
can be considered similarly effective for motorrieag. However, no significant training
effects were found for audio concurrent KP.

Throughout part-task training, information aboug¢ ttemaining time during which
angle and force skills must be maintained withimgeis considered as Knowledge of Results
(KR) which indicates in real-time the status of lgaahievement. Thus, concurrent KR
consists of a visual indication of the remainingeiwithin range before the achievement of
the item goal. That indicator is referred to asawabur time (Figure 36) and represents a
countdown until goal achievement. That countdowadsvated when the trained skill(s) is
placed within the desired range. As soon as thiapeance of the trained skill(s) becomes
inaccurate, the countdown is reset. As with corenirKP, concurrent KR indicator can be
set manually as a progress bar along with a stapw@&igure 36.a), or a clock (Figure 36.b),
through a selection button located below the indicalrhe time displayed by the indicator
when configured as a clock, (Figure 36.b) is re&tiThis means that the clock indicates the
ratio of completion of the item goal rather thae thme. A clock revolution means that the
item goal has been achieved. The trainee has esnable to maintain the trained skill(s)

within the desired range for the targeted periotiné.

1 v
- -
ETEVIOU HETEVIOU [

(a) (b)

Figure 36. Indicator of the remaining time withiange, in the form of (a) a
progress bar along with a stopwatch and (b) a c¢lazkndicate the remaining

time before goal achievement when the trained(skidlre accurately performed.
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The VR training system can also provide terminal Efer the completion of a
training item. Terminal KR is referred as item feadk and indicates whether the item
objective has been achieved or not. Terminal KRmaprovided in the form of visual and/or
auditory information that aim to positively or néigely reinforce the trainee’s performance.
When the item goal has been achieved, a greendidisplayed and/or ading’ sound is
reproduced (Figure 37.a). In contrast, when the geal could not be achieved, a red cross is

shown and/or an unpleasabiizZ sound is played (Figure 37.b).

(b)

Figure 37. Visual terminal KR provided at complgtetraining item: (a) positive

reinforcement and (b) negative reinforcement.

Despite augmented feedback in the form of KP andi«k&onsidered as a prominent
feature of motor learning throughout VR training, has been demonstrated that when
provided too frequently, it tends to hamper thecpssing of intrinsic information feedback
for the formation of accurate motor programs (®ectR.4.2). The suggested part-task
training should encourage trainees to rely on nstd feedback. To do so, augmented
feedback should be scheduled throughout part-taskirig. At an early learning stage, if no
augmented feedback is presented, part-task tramiag be particularly challenging. Thus,
augmented feedback must be provided at that stageotor learning. However, when the
performance of the trained skill(s) becomes motdigent, part-task training enhanced with
augmented feedback may be not challenging enouugins, irainees may not be encouraged
to rely on their intrinsic sensations. For thiss@® at more advanced stages of motor
learning, augmented feedback should be withdraam fpart-task training. Thus, augmented
feedback is recommended to be gradually withdrdwoughout part-task training in order to
maintain the training challenging and ensure effeamnotor learning throughout all learning
stages. Table 5 presents an example of the schgdofiaugmented feedback throughout

several items of part-task training.
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Table 5. Schedule of the augmented feedback thouigiart-task training.

Items 1 2 3 4 5 6 7 8 9 10 11 12 13 14

17

18

Trained Skill(s) A F A& A F A&F A F  A&F A F  A&F A F

A&F

Concurrent KP: Angle & Force

Angle (bar/dial) X Xt Xt Xt
Angle (Sound) X X X X
Force (bar/dial) X Xt Xt X5
Force(Sound) X X X X

Concurrent KR: Remaining time within range

Bar & Stopwatch/

Clock X X X X X X X X X X X X

Terminal KR

Visual X X X X X X X X X X X X X X X
Sound X X X X X X X X X X X X X X X
A Angle

X+ Visual concurrent KP indicator displayed wille tdesired range which indicates the targeted skill
F Force

A&F Angle & Force X Indicator shown with no range
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Chapter 5. Design of the Methods

The experimental study presented in chapter 6 tmadsd the effectiveness of the
VR training system to support motor learning thioygrt-task training. The suggested part-
task training design consisted of several rehesusdad items in which trainees were required
to maintain angle and force skills within rangentmouously for 15 seconds. In items 1, 2 and
3, angle, force, and angle and force were respaygtitrained and concurrent augmented
feedback in the form of KR and KP was providedtrlining item 4, angle and force skills
were exercised simultaneously however concurrentindicators were withdrawn. After
each item, terminal KR was provided in order t@ini about whether the item goal has been

achieved or not.

5.1.2 Whole-task training method

Whole-task training allows training on the perfomoa of fine grinding and polishing
tasks alike in real operating environments. Thusplartask training that is built upon angle
and force skills acquired through previous park-tagining (Section 5.1.1) enables applying
the trained motor skills to the context of the parfance of a whole task.

The VR training system aims to provide a realistjgresentation of fine grinding and
polishing tasks by simulating the intrinsic infortioa in a similar way as to how it is
perceived in the real world. As in part-task thag a haptic device is used to interact within
the virtual environment and mimic operating cormtis of a real precision rotary tool
(Section 5.2). Moreover, the VR training systenow supplementing intrinsic information
with augmented feedback throughout the whole-taaknihg. That augmented feedback
consists of concurrent KR which is provided in tbien of a colour map indicator that shows
the performance outcome and enables visualizingdasipletion and therefore task progress
over the time (Section 5.1.2.2). Finally, the VRining system can also provide terminal KR
in the form of performance scores displayed in adu® of the ManuVAR platform

(Appendix C) in order to inform about achievemehthe task objective.

5.1.2.1 Whole-task training design

The training toolkit enables configuring the whedek training carried out on the VR
training system. Several features are proposedefgult. Those default features have been
set heuristically by two expert metallurgists frdmcnatom S.A. However, these features can
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be adjusted in order to customize the whole-tasknitrig. Figure 38 presents a block

diagran? which details the features that parameterize thelevtask training.

® Block diagrams is part of the Unified Modellingriguage (Chonoles & Schardt, 2003) and its exterfsion
Systems Engineering, SysML (Friedenthal et al. 800
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Figure 38. Features for the configuration of whialgk training.
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The training toolkit allows setting the performangkethe trained task along with

ambient conditions of the virtual environment. Aeiti conditions are listed below.

1. The blur level which sets the amount of steam cdated on the protective
glasses worn by the performer in the virtual envinent.

2. The level of lighting of the virtual environment

3. The noise level which specifies the amount of ambieocise in the
surroundings of the performer.

4. The dust level which defines the density of dustiglas floating in the air.

The degree of each ambient condition is definetierrange [0,100].

The configuration of task performance is definedh®yparameters expressed below:

1. The nature of the task to be trained which candbeisher to fine grinding or
to polishing.

2. The ranges for angle and force skills (recommendatfor threshold values of
these ranges for fine grinding and polishing taslesmade in section 5.4.2).

3. The target time to complete the whole-task training

4. The concurrent KR which is provided in the form @fcolour map that
indicates the progression of the trained task (&e&.1.2.2). That colour map
can be displayed onto the metallographic repliea and/or magnified in a
right lateral board in the virtual environment (kiig 39). The magnified view
of the colour map enables visualizing in real-tithe outcome of angle and
force being applied with no need for the tool discbe taken out from the

surface of the material.
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Figure 39. Whole-task training configured for aigling task (angle range [0°,

100], force range [1, 5N]; Target training time3 min; Concurrent KR presented
on the material surface and magnified on the rsgih).

5.1.2.2 Colour map

The colour map aims to inform about the statushefdompletion of the task being
performed. The concept of colour map is inspiredigrmal mapping which is an intuitive
way to represent the spatial distribution of anlaite using colour coding. Thermal mapping
has been extensively employed in the preventive pmedlictive inspection of industrial
facilities (i.e. high voltage wiring and coil inggen) (Fluke Corp., 2009).

The colour map proposed throughout the whole-tashkihg uses by default a gradual
colour coding from red to green to indicate abbet $tatus of the task completion across the
metallographic replica area. Red corresponds to d%ask completion, bright green
represents 100% of task completion, and shadegsasfge and yellow are used to show
intermediate levels of task completion (Figure 40).

! 1 L L 1 !

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 40. Default colour coding used in the coloap to indicate task progress
across the metallographic replica area.
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An alternative colour coding can be set for colblimd people. Instead of using a
gradual colour scale from red to green, the coloap can use a gradual colour coding of
white for 0% of task completion, and black for 100%4ask completion, with shades of grey
for intermediate levels of task completion (Figddg. Colour map can be switched from one
colour coding to the other by pressing the key t@"the keyboard.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 41. Alternative colour coding used in thdooo map to indicate task
progress across the metallographic replica aregptad for colour-blind people).

In the virtual environment in which whole-task triaig is carried out, the colour map
consist of a 64 x64 pixel texture mapped on thekimgrarea on the material surface. That
working area is squared (W: 70 x H: 70 mm) and enEasses the metallographic replica
area (W: 30 x H: 45 mm) in which fine grinding apalishing operations must be achieved
(Section 4.1.2). Figure 42 shows the working afeat encompasses the metallographic
replica area in which the trained task must beqoeréd.

Working area

Metallographic
replica area

Figure 42. Colour map set on the material surface.
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5.1.2.3 Modelling of task performance

Each pixel from the colour map texture is assodidte an element of the matrix

The colour of a pixel indicates the status of thsktcompletion in that pixel in
accordance with the colour coding presented ini@eds.1.2.2. The colour of a pixel is
determined by the percentage of task completiomedton the corresponding element
of . Those percentages values are included betweem@%00%.

Percentages of task completion stored in elemédnts o are updated when the
corresponding pixels on the colour map texture @yeered by the disc of the virtual
precision rotary tool when operating. Dependingtlom exerted force and applied angle on
the material surface, the tool disc can be comigietepartially in contact with the surface of
the material. On the one hand, when the tool dissompletely in contact with the material
surface, the interaction is represented on theucalmap as a circular area (Figure 43.a) in
which percentages of task completion correspontbngovered pixels are updated. On the
other hand, when the tool disc is partially in @mbtwith the material surface, the interaction
is represented on the colour map as a circular esegarea (Figure 43.b & c) in which
percentages of task completion corresponding teereal pixels are updated. The contact
model of the tool disc on the material surfacefiioe grinding and polishing tasks has been
captured from a performance carried out in the vealld by the two expert metallurgists
from Tecnatom S.A. The methodology followed for thedinition of the model of contact of
the tool disc on the material surface is describhesction 5.4.1.
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Lateral view Lateral view - Lateral view
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Figure 43. Tool disc when being pressed and indlise it is (a) completely in
contact with the material surface, and (b & c) ipdt in contact with the
material surface.

However, depending on the nature of the trained, télse tool disc interacts
differently with the material surface. The interantis thus depicted distinctly on the colour
map texture and percentages of task completioregponding to covered pixels are updated
distinctly for fine grinding and polishing tasks.

The performance of fine grinding generates scratcmethe material surface (Section
4.1.2.1). As described previously, a fine grindiagk aims for the generation of scratches in
a unique direction on the material surface. Appedprscratches are either horizontal or
vertical with regards to the orientation of the afleigraphic replica area. Thus, two kinds of
circular sector on the surface of the abrasive ssmg that equipped the tool disc can be
defined. In each type of sector, scratches arar@stio be generated in a unique direction.

In the first type of sector, scratches are gendratigh the desired direction. These
sectors are referred as and are defined by a central anglehich has been heuristically set
to 80° (Figure 44). In the second type of sectbe direction of generated scratches is
inappropriate. These sectors are referred g&igure 44). In sectors , percentages of task
completion stored in elements of which correspond to colour map pixels being
covered are positively updated. Thus, in accordamitle the colour coding described in
section 5.1.2.2, fine grinding is shown to be ctogethe completion in those pixels. In
contrast, in sectors , percentages of task completion correspondingot@med pixels are

negatively updated. In the case those pixels haen lpreviously correctly grinded, which
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means covered by one of the sectorglefined on the surface of the abrasive accestuoey,

task completion in those pixels is shown to recede.

Figure 44. Circular sectors, in which scratches are generated with the
appropriate direction, (a) vertically and (b) hontally;, and - in which

generated scratches are considered to be inapgt@pri

As described in section 4.1.2.2, the performancepolishing aims to spread

uniformly diamond paste over the surface of theatiegraphic replica area. The interaction

resulting from the partial or complete contact lo¢ tool disk with the material surface is

uniform. Thus, percentages of task completion epwading to covered pixels are always

positively updated. In the case of the polishifg &rea of contact is referred asand no

area - is defined.

of

The model for updating percentages of task conguletstored in elements

for both tasks can be thus expressed as bétgwlj.

% &()* + :
BREUE A 0 (128 e Eq. 1
Wherel 5 is thus expressed as beldqg( 2:
i)
47 802 #% L# .
12 6:7%7& ! Eq. 2
7 %, &
Where: corresponds to the update of the percentage kfctampletion between

two graphical frames.
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5.2 HAPTIC RENDERING

Haptic interaction is used to simulate the hapttansic feedback in a similar way to
that perceived in real operating environments. fi&gtic device allows handling the haptic
stylus as if it were a real precision rotary tdéiglres 45 & 46). In this thesis, haptic devices
from the Sensable Technologies Phantom product dree used to support the haptic
interaction throughout the suggested part-task whdle-task training (Section 5.1). A
Phantom Omni (Appendix A) was used in the expertadestudy presented in chapter 6,
whereas a Phantom Desktop (Appendix A) has beeroge in the validation process
described in chapter 7. Figures 45 and 46 show:

1. The appropriate handling of the stylus of both ltagevices in the scope of
the experimental studies conducted for fine grigdind polishing tasks.
2. The mapping of the virtual precision rotary tool looth haptic devices with

the accessory attachment sitting at 90° at theftipe stylus.

Figure 45. Handling of a Phantom Omni as proposechapter 6, and mapping
of the virtual precision rotary tool on the styhisthe haptic device (The body of

the power tool in figure b. has been added witimzage editing software).
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Figure 46. Handling of a Phantom Desktop as prapasechapter 7, and
mapping of the virtual precision rotary tool on #tglus of the haptic device (The
body of the power tool in figure b. has been addeth an image editing

software).

The haptic rendering is supported by the SensaplenBaptics 3.0 Haptic Device
APl (HDAPI) and High Level API (HLAPI) designed teork with punctual inter-actuators
from haptic devices from the Sensable Technologreduct line (Appendix A). The haptic
rendering engine enables rendering custom forcectsffat 1 KHz rate. Thus, the haptic

device enables simulating:

1. The weight of a precision rotary tool.

2. The contact with geometries (Section 5.2.1).

3. The operating conditions of the tool such as rotabyations (Section 5.2.2)
and a tangential force resulting from the contdc¢he rotating tool disc on the

material surface (Section 5.2.3).

All force models were heuristically parameterizeg the two expert metallurgists

proposed by Tecnatom S.A.

5.2.1 Estimated applied force model

The estimated applied forc€ is defined as a function of the depth of penienat
of the punctual inter-actuator of the haptic devinethe geometry and its velocity

considering the components of stiffn@sand dampingdof the material Eq. 3.

€ 2A> @A A Eq.3
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Where < is the normal vector at contact point with themgetry (Figure 47).

Figure 47. Representation of the estimated appitede <= on the material

surface as a function ¢f, the normal force at contact point.

The magnitude of the estimated applied fof€ecan be visualized in real-time

through the force indicator proposed throughoutt-fzsk training (Section 5.1.1.2).

However, the magnitude of i€ which is based on the depth of penetration of thectual
inter-actuator of the haptic device in the geom¢ly. 3, may sometimes differ from the
force exerted through the haptic device. Effectivabt all haptic devices are able to render
forces up to a certain level. For instance, thenRima Omni used in the experimental study
presented in chapter 6, is only able to rendere®ngp to 3.3N (Appendix A). Beyond this
level of force, the virtual stiffness of the objéeting contacted decreases, becoming a natural
limit for the force applied. However, according S&chmidt (1975), motor skills can be
generalized (Section 2.2.1.2). Thus, this discrepas believed to be not problematic in the

extent that the human perceptual system can idlghp.

5.2.2 Rotary vibrations

Rotary vibrations consist of those vibrations gatest by the rotation of the engine

rotor of the precision rotary tool, around the afisotation defined by thelocal axis of the

haptic device which is described by the ve@&&HFigure 48).
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Figure 48. Local axes of the haptic device mappethe virtual precision rotary

tool.

The proposed model of rotary vibrations consistarobscillating system defined by

the vector<g which direction varies in time. The vectSg is parameterized with the

magnitudeH and the angular frequentyof vibrations as in the equation belokg( 4:
< HAJLAMNOISP AOQ2I5R Eq. 4

IK and <= are respectively the vectors on thend local axes of the haptic device

(Figure 48) andk C%C, P %C The angular frequendy is expressed ds VW A X,

andH and)g have been respectively heuristically sedAYd ZH and*4 |\ .

5.2.3 Tangential forces

The haptic device enables simulating the tangeftiak resulting from the contact of

the rotating tool disc with the surface of the miate The tangential forcé§ defines a

motion which is parallel to the material surface(ffe 49) and is a function of the estimated

applied force== on the material surface (Section 5.2.1).
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Figure 49. Modeling of the tangential for6§ as a function of the estimated
applied force= and therefore of the normal vectSrat the contact point, and the

vector¥= on the local axis of the haptic device.

The tangential forc& consists of the cross product of the estimatedieapforce <=
(Section 5.2.1) with the vecto¥= (Figure 49). Therefore, the tangential for€g can be

expressed as a function of the normal fofeaat contact point with the material surface
(Figure 49), the depth of penetratiorof the punctual inter-actuator of the haptic devic
the geometry and its velocity considering the components of stiffné@sand dampingof

the material Eq. 5.

<< B T&=

Where? 4Y) H,@ 4Y* 'H YAa.

The motion of the tool disc on the material surfane therefore that induced by the
tangential force as describedHq. 5 is constrained by the friction between the tastand
the material surface. Friction encompasses statotioh and kinematic friction. Static
friction describes how resistive is the materialfate to motion as that induced by the
tangential force when no motion has been engaggdaric friction describes how resistive
is the material surface to motion once a motion besn engaged. Both frictions offer
resistance to the motion of the tool disc on thdem surface. The magnitude of each

friction force can be expressed gssuch as, ¢ 4A , wherecy is the coefficient of

friction of the surface of the material for eaclpayof friction. For static and kinematic
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friction forces, their respective coefficients atfion have been heuristically setdp 4YV
andc;  4Y(.

5.3 INTERACTION MODEL

Section 5.1.2.3 describes the functioning of thiewomap to indicate the status of
task completion across the metallographic replioea,aand inform about task progress
throughout the performance of the trained tasks Haiction describes the modelling of the
interaction between the tool disc and the matesiaface so that task completion can be
represented on the colour map.

The representation of that interaction on the colmap texture is based on the
projection of the points that compose the tool disthe three-dimensional space onto the bi-
dimensional UV coordinate system set in the teximage (Heckbert, 1989).

As mentioned previously in section 5.1.2.3, thd thsc can be (1) completely or (2)
partially in contact with the material surface. Wltthe contact is complete, the interaction is
represented on the colour map as a circular areere&s when it is partial, the interaction is
drawn as a circular segment area. In both casesgefiresentation of contact is a function of
the radius-of the tool disc. However, in order to enable thepping of such interaction on
the colour map, the radidsmust be normalized to range in [0,1]. The nornealifengthfy,
is calculated afy, Fj i where W is the side size of the square working @Ffegure 42).

The normalized lengthy, is later used to determine the conditions thabwomap

pixels must satisfy in order to be considered asiE when the tool disc is in complete
(Section 5.3.1) or in partial (Section 5.3.2) cahtaith the material surface.

5.3.1 Complete contact model

The projection of the centre of the tool disc ie three-dimensional space, into the
UV coordinate system set in the colour map texisireferred a&y, and is expressed in UV
coordinatesas | .

Each pixel of the colour map texture is assigneshigue UV coordinate. From now
on, pixels of the colour map will be identified their corresponding elements in

Thus, pixels referred asq, with% §1,64] and, & [1,64], are assigned UV coordinates
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expressed as ,,, n,, - Thus, pixels covered by the tool disc completalyontact with
the material surface satisfy the condition prestbow Eq. 6.

% &()* + ° s
2&.8*_'_-.0 #o# ar O ## of tFg® Eq. 6

q q

5.3.2 Partial contact model

Partial contact of the tool disc on the materiafesze is drawn as a circular segment
area on the colour map. That circular segment &reeentered ifky,, and is enclosed
between a circular arc which is centered in theeegigint g,, and the secant line that
intersects perpendicularly with the diameter lifiéghe projection of the tool disc shape in the

point[ 4, (Figure 50). The slope of the secant liwe is determined by applying the rotation

MNO 0QZ

S

matrix K w °y to the vectoRs==ss,
0Q2 MNg)y o 9

Figure 50. Representation of partial contact of tth@ disc with the material

surface on the colour map.

The edge point g, on the colour map is the bi-dimensional represemteof the
point  which is the point of the tool disc in the threednsional space that deeper

penetrates into the material (Figure 51).
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Figure 51. Determination of the pointon the tool disc.

The point can be obtained from the vectéf~ such asE<= F AD with the
. ﬁB< #
normalized vectob CerBC

The normal projection of on the colour map is the poing, that allows forming the
vector Kgi=gT which magnitude varies as a function of the iration } of the virtual

precision rotary tool with regards t®at contact point (Figure 52).

Figure 52. Normal projection of the point on the colour map asy, and

representation of the pointon the colour map as the edge poij.
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The edge point g, as the representation of the pointon the colour map can be

expressed as below:

W F gn %

Whereky, is the normalized length of the radius of the st on the colour map.

The intersection point 4, (Figure 50) is a function of the degree of contafcthe
tool disc on the material surface. The ved&i¥s determines the height of the circular
segment area in contact with the material surf&gu(e 50). The model of contact of the
tool disc on the material surface is defined asiraction of the exerted force and applied
angle on the precision rotary tool. It has beeremeined heuristically by the two expert
metallurgists from Tecnatom S.A. and it is exprdsa®the ratio of the diameter of the tool

disc in contact with the surface material (Secttos.1). Thus, the vectof<§i=F can be

expressed as:

F VA Af A

f~ecief
Hence, when the contact is partial, percentagemsif completion are updated for
those pixels which satisfy the condition presentedtq. 6 (Section 5.3.1) and one of the

conditions described in the following cases (Figus8 to 55).

132



Chapter 5. Design of the Methods

Figure 53. Case 1: representation of the circidgnment area on the colour map.
Percentages of task completion corresponding telpignclosed in that circular

segment area are updated.
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Figure 54. Case 2: representation of the circidgnment area on the colour map.
Percentages of task completicorresponding to pixels enclosed in that circular

segment area are updated.
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Figure 55. Case 3: representation of the circidgnent area on the colour map.
Percentages of task completicorresponding to pixels enclosed in that circular

segment area are updated.

Those cases (Figures 53 to 55) can be expressadiunction of the UV coordinates

of pixels ,,, n,o& +0& +With regards to the affine equation of the sediaiet v

which is defined by the slope and the y-intercepl of the secant linev in the UV

coordinates system. Those cases are presented (k&jowito 9).
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Case 1 (Figure 53):
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Case 3 (Figure 55):
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5.3.3 Representation of the interaction of the abrasive @essory

As mentioned previously in section 5.1.2.3, depegdin the nature of the task, the
abrasive accessory that equipped the tool discaictie differently with the material surface.

The performance objective of fine grinding is tongmte scratches in a unique
direction on the material surface: horizontal ontical direction with regards to the
orientation of the metallographic replica area. Thireds of circular sector on the surface of
the abrasive accessory disc have been definedré~gl). Sectors, generate scratches with
the desired direction whereas sectorgyenerate inappropriate scratches. Thus, as detaile
Eq. 2 percentages of task completion stored in elemehts corresponding to
colour map pixels covered by the tool disc are tguladifferently whether pixels are
enclosed in sectors or .. The orientation of those sectors varies as atinmmof the

desired direction of generated scratches (Figuye 56
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Figure 56. Circular sector areas in which scratches are generated in the
desired direction: (a) vertical and (b) horizont&kctors , are defined by a

central angle which has been heuristically set3@° (Section 5.1.2.3).

The type of sector in which covered pixels, expedsas ;o with % §1,64] and, &

[1,64], are located, can be expressed as a funofitive angle formed by the vectdg=
and the horizontal vecter of the UV coordinate system such as:

R &) + . wo ST
$,&'() +° MNG CEFTrCY g,

Thus, the condition for covered pixelsy to be located in a sector can be thus

expressed as below:

§% () +
$,&°() +°

Otherwise, those covered pixels are located in

o0& 1+ MNCx MNO®&r —3DQ23« 0Q2§ o

As mentioned in section 5.1.2.3, In the course gqfolshing task, the interaction
between the surface of the tool disc in contadh Wit material surface is uniform. All colour
map pixels being covered by the abrasive accessergssumed to be located in an area with
similar properties as sectors defined for fine grinding task. Thus, percentadetask
completion corresponding to covered pixels whictisBathe condition presented ig. 6
(Section 5.3.1) and one of the conditions presemié&a). 7to 9 (Section 5.3.2) are positively
updated following the model presentedEi. 1and2 (Section 5.1.2.3).
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5.4 ESTIMATION OF THE VALUE OF PARAMETERS

The development of the VR training system as pregas this thesis in order to train
angle and force skills through part-task trainiBgdtion 5.1.1) and practise the performance
of fine grinding and polishing tasks through whtdsk training (Section 5.1.2) has required
the heuristic determination of a series of pararset@he resulting values enable the
definition of the model of contact of the tool diza the material surface (Section 5.4.1) and
the ranges for angle and force skills for the satggke tasks (Section 5.4.2). The
determination of these values aims to enable t&aksmulations of both tasks in VR. The
two expert metallurgists from Tecnatom S.A. haverbevolved in the procurement of these

values.

5.4.1 Definition of the model of contact of the tool disc

This section aims to define the model of contadheftool disc on a material surface
for both fine grinding and polishing tasks. The abing of such model of contact has
followed a heuristic method which resulted in tleéedmination of the ratio of the diameter
of the tool disc in contact with the material sagaAs mentioned previously in section 5.3.2,
that ratio is a function of the force exerted amel inclination of the precision rotary tool on
the material surface and is expressed in the fdranpercentage.

The two expert metallurgists have captured the thst in contact with a material
surface while attempting several tool inclinaticssd forces. Those exerted forces were
assumed to be close to those defined later forahge for force skill for both tasks (Section
5.4.2.1). Resulting captures are presented thrawggries of images shown in Table 6.

The ratio has been measured directly on the images of aptuResulting
measurements which enable the definition of thetaminmodel of the tool disk on the
material surface are shown in Table 7. Figure érefa graphical representation of the

contact model.
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Table 6. Heuristic method for the determinatiorthef contact model of the tool

disc on a material surface considering severak®end tool inclinations.

Minimum Force Maximum Force
Angle: 0 °
Angle: 5°
Angle: 10°
Angle: 15°
Angle: 30°
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Minimum Force Maximum Force

Angle: 45°

Angle: 60°

Table 7. Definition of the contact model in therfoof a percentage which states

for the ratio of the diameter of the tool disc in contact whlke material surface.

Force Min. Force Max.
Angle: 0° =100 % =100 %
Angle: 5° 25% 65 %
Angle: 10° 19 % 63 %
Angle: 15° 15 % 33%
Angle: 30° 9% 27 %
Angle: 45° 7 % 22 %
Angle: 60° 4% 15 %
Angle: 90° = 0% =0%
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Figure 57. Graphical representation of the contamdel.

5.4.2 Definition of ranges for force and angle skills

A trial session which involved the two expert mietaists from Tecnatom S.A. was
carried out at the University of Malaga in orderctilect force and angle data related to the
performance of fine grinding and polishing taskbeTpurpose of this trial session was to
determine heuristically the threshold values thairta the ranges for force and angle skills
considered for the training of both tasks.

Expert metallurgists were standing at about oneemiatfront of a wide screen (W:
2400 x H: 1800 mm) on which was monoscopically idiged a 3D virtual environment. That
virtual environment simulated an industrial pumpnponent located in an industrial plant
and a virtual precision rotary tool with right aeghttachment controlled in position and

orientation by a haptic device (Figure 58).
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Figure 58. Virtual environment in which the trigssion occurred.

Throughout the trial session, expert metallurgisese required to manipulate the
virtual precision rotary tool on the surface ofasket inclined of 45° on the horizontal axis,
mounted on the frontal face of the pump componEigufe 58). A Phantom Desktop haptic
device from Sensable Technologies was used focdHection of force and angle data. The
haptic device model employed in the trial sessias similar to the one owned by Tecnhatom
S.A and used in the experimental study presentetiapter 7. The haptic device was able to
render up to 7.9 N onto 3 Degrees of Freedom (D@ppendix A). Expert metallurgists
were required to handle the haptic device asvifeite a real precision rotary tool (Figure 46).
The haptic device mimicked the operating conditiafisa real precision rotary tool by
simulating the weight of the tool which has beetreuristically and validated by expert
metallurgists, rotary vibrations (Section 5.2.2§l aangential forces caused by the rotation of

the tool disc on the material surface (Section3j.2.

5.4.2.1 Force for fine grinding and polishing tasks

Expert metallurgists were required to exert thendlpimum, (2) maximum and (3)
optimum forces they could apply during the perfong®gof fine grinding and polishing tasks
in real operating environments. Forces were exgréedendicularly to the gasket surface.

Force measurements were performed at 100 Hz rdtelaa were collected once the
virtual precision rotary tool was launched. Measuveere averaged aiming to determine
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overall threshold values for the minimum and maximaoundaries of the range of force for
both tasks (Table 8).

Table 8. Average exerted forces with a Phantom @edkaptic device

Minimum Force Maximum Force Optimum Force

Force Value ~m < ( § t g t) mu: C€ ®

In each trial, the two expert metallurgists applietatively similar amount of forces.
The values of the boundaries suggested for the erafoy force skill consists of
recommendations made on the basis of the heudstiermination from the part of both
experts. Chapters 6 and 7 present two experimeiudies for which the range has been
respectively set to [1N, 5.3N] and [1N, 5N].

5.4.2.2 Angle for Fine grinding task

As explained previously in section 4.1.2.1, theefigrinding task aims to the
generation of scratches in a unique direction @nrtaterial surface. Two types of circular
sectors on the surface of the abrasive accessag been defined (Section 5.1.2.3). In
sectors | , scratches are generated in the desired directemical or horizontal depending
on the requirement of the task. In contrast, int@ec., generated scratches are
inappropriate.

The determination of the range for angle skill &ofine grinding task consists of
defining the optimum contact area so that all stred are generated only with the desired
direction. That contact area consists of a circagment area ,;, as a cut-off of a sector

, defined by its height (Figure 59). The height enables defining the optimum ratig,,,

of the diameter of the tool disc in contact witlke timaterial surface. That ratig,y, can be

expressed such ag,y, zj VAE withz Fo( MNO gr and the radiuf of tool disk.
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Figure 59. Definition of the optimum contact area that all scratches are
generated with the desired direction: (a) vertazad (b) horizontal with regards to

the orientation of the metallographic replica area.

To the extent that the central anglef sectors, has been set heuristically to= 80°
(Section 5.1.2.3), and the radiusf the tool disk has been measured~as13.5 mm, the
optimum ratio is calculated to bg,,, 0.117. This means that the height of the circular
segment area, corresponds to 11.7% of the diameter of the tcsa.d

By reporting that value on the contact model presgim section 5.4.1, the range for
angle skill for fine grinding task is bounded ir2p°, 90°] when the exerted force approaches
the lower limit of the range of force (Section 2.4), and in [65°, 90°] when the exerted
force is within the threshold that define the uplpait of the range of force (Section 5.4.2.1).

Chapter 7 presents an experimental study whichgsegpamong others, part-task and
whole-task training of angle skill for a fine gring task. The range for angle skill has been
set to [75°, 909].

5.4.2.3 Angle for polishing task

Considering the nature of the interaction of tha ttisc on a material surface during
polishing operations (Section 5.1.2.3), the indimaof the precision rotary tool is not really
relevant for the quality of the polishing. Howevehe two expert metallurgists from
Tecnatom S.A. were required to determine heuri$fitlae boundaries of the ranges in which
the performance of angle skill during a polishiagkt is considered to be efficient along with
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an optimal tool inclination for a comfortable tgsé&rformance. Those threshold values were
determined from angle data collected at 100 Hzaate the virtual precision rotary tool was
launched and operating on the inclined gasket ®fptlhmp component. Table 9 presents the
average values of the recommended thresholds afrtbie skill for a polishing task.

Table 9. Average applied angle on the surfacefriblined gasket.

Minimum Angle  Maximum Angle Comfortable Angle

Angle value e 4Y e (3Y o 8Y

On the basis of these results, part-task and wiasletraining for polishing tasks are
recommended to be configured with a range for asgik bounded from 0° to up to 15°.
However, training with angle boundaries which oasgpthe maximum recommended value
is not critical for the performance of the task.

In the experimental studies presented in chaptensd67, the range for angle skill for
a polishing task has been respectively set tal[@, and [0°, 209].

5.5 CONCLUSION

In this chapter, the resulting development of the ¥aining system inherent to
functional and requirement analyses carried ouwthiapter 4 has been presented. A training
toolkit which enables building training programsséd on fundamental training methods
such as part-task and whole-task training carriedom the VR training system has been
proposed. Moreover, part-task and whole-task tmgincan be enhanced with augmented
feedback in the form of concurrent and terminal &Rl KR. Several configurations for
augmented feedback indicators are presented.

The suggested VR training occurs in realistic \@ttanvironments which simulate
haptic intrinsic information like that perceivedrohg the performance of fine grinding and
polishing tasks in real operating environments.

Furthermore, this chapter has emphasized on thaspyo of concurrent KR during
whole-task training through a colour map indicauch augmented feedback aims to inform
in real-time about the status of task completiod @nerefore task progress over the time. The

implementation of the representation of task pemnéorce through the colour map has been
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presented along with the methodology followed fog tletermination of the parameters that
are relevant for that development.

The following chapters propose two experimentatligtsi which among other things,
aim to assess the effectiveness of the VR traisyggem to support motor learning of angle

and force skills for fine grinding and polishirasks.
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Chapter 6. Experimental study 1

6.1 INTRODUCTION

As it was described in chapter 4, the metallogmapteiplica is an in-situ non-
destructive inspection technique which enablesrdieg the microstructure of a material
surface as a negative relief on a plastic foil (MSE 1351 — 01, 2001). The metallographic
replica technique requires previous material serfpoeparation that encompasses among
other things, several polishing operations for \Whspecific tool inclination and force need to
be accurately applied (ASTM E 3 - 01, 2001). Thraning those motor skills is paramount
to guarantee an efficient performance of the task.

It has been also mentioned in chapter 4 that cdiorel training usually occurs
under the supervision of an expert metallurgist velssists the trainee’s performance by
providing concurrent Knowledge of Performance (K8¢ction 2.4.2) in the form of verbal
guidelines. However, that verbal concurrent KPfisroinsufficient to support the transfer of
tacit knowledge such as angle and force skills ftbenexpert to the trainee. Moreover, the
nature of the polishing task impedes the experahuegist and the trainee to monitor in real-

time the performance outcome on the material serfadie expert metallurgist can only
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provide terminal Knowledge of Results (KR) (Secti@¥.2) on the basis of final
performance outcomes.

This chapter presents an experimental study whigbstigates the effectiveness of
the VR training system presented in chapters 45nd support the training of angle and
force skills for a polishing task. The proposednirsg is enhanced with concurrent and

terminal augmented feedback provided through afsasual and audio indicators.

The experimental study presented in this chapter been submitted as a journal

paper in the following publication:

Poyade, M., Molina-Tanco, L., Reyes-Lecuona, A.nglay, A., D'Cruz, M.,
Sharples, S. (2013). Experimental evaluation oftibdgased part-task training for
motor skill learning in industrial maintenance age@mns. IEEE Transaction on

Haptics(Pending on acceptance).

6.1.1 Development of motor skills

In general, the development of motor skills toaéintly perform a polishing task as
required in the metallographic replica techniqueaisong process during which trainees
practice to progressively gain in efficacy. Fitts Rosner (1968) proposed that the
development of motor skills occurs through a higtaral model composed of three stages:
cognitive, associative, and autonomous (Section22p At the early stage of learning,
motor skills are awkward and usually require a @erable amount of cognitive load, but
progressively gain in proficiency and gradually gesinto the next stage until motor skills
become automatized.

In many occasions, motor skills are too complex] practising only the whole-task
may be ineffective for training purposes (SchmidtVérisberg, 2008). Thus, part-task
training which consists of breaking down motor Iskinto simple part-task components
appears as an alternative to the training of coxpietor skills through whole-task practice
(Teague et al., 1994; Utley & Astill, 2008; Browetal., 2009; Coker, 2009).
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As presented in chapter 2, Wightman & Lintern (1)98Bported in Roessingh et al.,

2002) have defined three techniques to break doatomskills into part-task components:

1. The segmentation which consists in separatinglsshiiés into parts according
to spatial or temporal considerations.

2. The fractionation which consists in separatinglskitat are usually executed
simultaneously during the task.

3. The simplification which consists in acting on soamaracteristics of the task
to decrease the level of difficulty and therefoasethe performance.

Part-task training of motor skills that are perfedrsimultaneously during a polishing
task is difficult to achieve through conventionaining. Nonetheless, it is believed that VR
training supports the fractionation of and the pesgive integration of those motor skills in

order to be practised separately and concurrently.

6.1.2 VR and haptic training

As it has been already discussed in chapter 3jchaptl VR technologies have been
successfully employed for training motor coordioatiand force skills (Esen et al., 2004;
Tholey et al. 2005; Morris et al., 2007; Wagnealet 2007; Esen et al., 2008a; Martin et al.,
2012; Zhou et al. , 2012). The importance of hafutice feedback for training motor skills
involved in healthcare activities has been dematedr (Morris et al., 2006; Steinberg et al.,
2007; Sternberg et al., 2007; Suebnukarn et allp2@or review see Coles et al., 2011,
Rhienmora et al., 2011). Moreover, VR training sys$ enhanced with haptic force feedback
have also been employed to support the trainingeohnical motor skills involved in
industrial procedures (Balijepalli & Kesavadas, 20W0Vang, Y. et al., 2006; Abate et al.,
2009; He & Chen, 2006; Wang, Y. et al., 2009; Seangl., 2011). However, the validity of
those VR training systems has been investigatddrso

VR allows enhancing the training experience witlgragnted information feedback
that is often not available in real world contefi®dorov et al., 1997; Esen et al., 2004;
Gopher, 2012). Moreover, fundamental training meésheuch as part-task and whole-task
training have been successfully applied to theexdrif VR training (Aggarwal et al., 2006;
Eid et al., 2007; Sternberg et al., 2007; Aggamtall., 2009; Suebnukarn et al., 2010; lwata
et al., 2011, Rhienmora et al., 2011; Luciano et2012; Oren et al., 2012), offering the
possibility of repetitive and safe tasking in reati virtual environments (Bossard et al.,
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2008; Johanesson et al., 2010; Mishra et al., 20Hd et al., 2011; Bhatti et al., 2012).
However, to the best of the knowledge of the aythuwe effectiveness of part-task training
inspired by the fractionation of simultaneous makitls applied to VR training has not been
reported so far. Thus, an experimental study ingaghg the effectiveness of such VR

training would be a valuable contribution to thediof motor skill training in VR.

6.1.3 Hypothesis and rationale

This experimental study aims to assess the effsutiss of the VR training system
presented in chapter 5, which enables part-taskiing to support the successful
development of angle and force skills for the penfance of a polishing task. Part-task
training is inspired by the progressive integratudrfractionized and simplified motor skills
into a whole-target task (Section 2.3). So far, ¢ffectiveness of this type of VR training
method has not been evaluated.

In this thesis, it is believed that a VR trainingstem able to provide such training

would enable supplementing the conventional trgimn polishing tasks to the extent that:

1. Such VR training would allow the trainee to progreé®wards a more
advanced stage of motor learning than previous$sibte using conventional
training.

2. More accurate information on performance and resultthe form of visual
concurrent KP and KR can be provided in order tprowe the transfer of tacit

knowledge to the trainee.

In order to evaluate the effectiveness of the \@ing system to support the training

of angle and force skills required in a polishiagk, two hypotheses have been formulated:

1. Part-task training is effective in improving tra@se proficiency in angling the
virtual precision rotary tool and exerting the emtr force on the material
surface.

2. Part-task training allows to efficiently transfemihed motor skills to the
performance of whole-target task such as a polishask simulated in a

virtual environment.
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6.2 METHODS

6.2.1 Participants

Thirty students and members of staff from the Ursitg of Nottingham, 14 males
and 16 females aged from 18 to 68 €30.21,SD = 2.85 years), were recruited for this
study. The participants had no previous experignaaipulating haptic devices and power
tools. All participants but one were right handeesd did not report any arm or wrist
disability and uncorrected visual impairments.

Participants were asked to fill a prior consentfan which they were informed about
the purpose of the study, their rights as partiipand publication policies (Appendix D).

Participation was voluntary and rewarded with a €d0cher ticket per hour.

6.2.2 Apparatus

The experimental setup consisted of the VR traingygtem supported by the
ManuVAR platform (Krassi et al., 2010a) which hadlexible architecture that allows
running the components of the training system oersge networked computers to enhance
performance (Appendix C). For this experiment, gystem was distributed across 3
workstations with identical technical charactecst{Intel Core Duo CPU 3GHz with 3.18G
RAM). PC 1 ran a haptic server designed for the 0N&XR platform to support the haptic
rendering of geometries and force effects at aohfeKHz using the Sensable OpenHaptics
Haptic Device API (HDAPI) and High Level APl (HLARIA PHANToM Omni by Sensable
Technologies (http://www.sensable.com), a pundntak-actuator able to sense position and
orientation on 6 DOF input and render forces uB#® N onto 3 DOF output within a
delimited workspace (up to 160 W x 120 H x 70 D mmvas used as haptic interface
(Appendix A). In order to prevent the haptic ingad from warming up when it was used for
a prolonged period of time, the haptic device waspped with a similar one at the
beginning of the experiment for each participar@. Pdisplayed a virtual environment on a
2D Panasonic LCD monitor (W: 850 x H: 450 mm) w#h1920 x 1080 pixels screen
resolution. The virtual environment was renderedhgy3DVia Virtools 5.0 VR Player at a
60 Hz refresh rate. PC 3 ran support tasks sucimasaging user profile, launching

applications, loading lesson definition files ancthestrating communication among all
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components (Poyade et al., 2011). In addition,ptofawas used to display instructions to
participants.

Participants sat at about one meter in front of2BeLCD monitor with their line of
sight targeting to the centre of the screen. Theyewacing the haptic device placed in the
centre of LCD monitor width (Figure 60).

Figure 60. The haptic device was located in frdrthe monitor and instructions

were displayed on a laptop placed on the left efgrticipant.

Participants interacted in the virtual environmesing a virtual precision rotary tool
simulated by the haptic device. Participants wémw how the virtual tool was mapped on
the haptic device and were asked to handle it asniére a real portable power tool (Figure
61). The haptic device simulated the weight oftti, the force resulting from the contact

with surfaces, and the operating conditions ofexigion rotary tool (Section 5.2).
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Figure 61. Handling of the haptic device and magpih the virtual precision
rotary tool on the device. The stylus representedbiody of the virtual tool with
the accessory attachment sitting at a 90° angla tite end of the stylus (This
figure has been manipulated with an image editoftyare).

The virtual environment consisted of a 3 x 4.5 cetatiographic replica area on the
upper side of a pipe located in an industrial plaie virtual environment presented general
stationary regulatory conditions (Section 2.1.5hviEbnmental noise recorded from the
performance of the task in the real industriallfaes during maintenance process was played
to increase the realism of the virtual environmeéviareover, sounds produced by a real
precision rotary tool operating on a material stefavere also recorded and implemented to
enhance the realism of the simulation of the poighask.

A training toolkit which enables building trainingrograms to apply fundamental
training methods such as part-task and whole-teshking to the context of VR has been
proposed in section 5.1. In this experimental stuldg training program consisted only of
part-task training. However, the effectiveness aftqask training to support motor learning
and transfer trained motor skills to the perforneanta polishing task was assessed through
a single trial of whole-task training.

Part-task training was inspired by progressive-pagictices which enabled training
on maintaining angle and force skills separatelg amultaneously within range for a
prolonged period of time. As described in sectioh.52, a set of dial indicators was
displayed in a panel located on the right sidehef monitor so it did not interfere with the

visualization of the virtual environment (Figure)6Zhose indicators provided concurrent KP
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on applied angle and theoretical exerted forceiepmin the material surfaterurthermore,

a stopwatch and a progression bar provided conuuikii®@ on the status of goal achievement.
Concurrent KR informed about the remaining timeimyrwhich participants should keep
maintaining the trained motor skill(s) within ranigeorder to achieve the goal of the training.
The effectiveness of these indicators to train metalls with regards to their design was
assessed in a user evaluation test carried outdytiman Factors Research Group at the

University of Nottingham (Langley et al., 2012).

Figure 62. Part-task training enabled training aragid force skills separately and
simultaneously in a virtual environment. Concurrangmented feedback was

provided through a set of indicators located inda panel.

As mentioned previously, the effect of part-taskifing on motor learning for the
performance of a polishing task was assessed thraugjngle trial of whole-task training.
The trial allowed performing the polishing taskits usually carried out in a real operating
environment. However, concurrent KR was providedhi& form of a colour map indicator
located on the surface of the material, which ptediinformation about the completion of
the polishing across the metallographic replicaagifeégure 63). The colour map uses a
gradual colour coding from red to green to degietadvancement of the task across the area
(Section 5.1.2.2). Red corresponds to 0% of taskpdetion, bright green represents 100% of

task completion, and shades of orange and yellewaed to show intermediate levels of

® The theoretical exerted force consists of the madgi of the applied force on the material surfagsed on
the penetration of the haptic device in the geoyn@ection 5.2.1).
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task completion. This colour map was also replat@ed magnified in a window located on

the lower right corner of the monitor (Figure 63).

Figure 63. A trial of whole-task training supportéde evaluation of the
performance of a whole polishing task in a virteavironment. A colour map
displayed on the area being polished enabled mamgtoin real-time the
advancement of the task. That colour map was aksgnified and displayed in a

panel located on the right lower corner of the rtami

6.2.3 Design and procedure

The study used a between-group design to testffibet f motor skill training on the
performance of a polishing task. Participants warelomly distributed into three groups of
10 members. The condition of motor skill trainingasvthe independent variable. Three
training condition levels were proposed: Full Traghcondition (FT), Haptic familiarization
Training condition (HT) and Control Training condit (CT). Each group was assigned to a
unique training condition.

Each training condition included a period of fammilzation with haptic interaction
and a practice step (Table 10). After those sta@pparticipants performed an evaluation step
carried out through a trial of whole-task trainifuring the evaluation step, the effect of the

training condition on the performance of a polighiask was assessed.
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Table 10. Training conditions assigned to groups

Groups Familiarization step Practice step Evaluation step
FT Performed Performed Performed
HT Performed Video Performed
CT Video Video Performed

Before each step, all participants received textuatbal and graphical instructions
(Appendix D). These explained the purpose of edep, ghe configuration of the virtual
environment, the meaning of the visual feedbaclpldi®ed on the monitor and the
functioning of the virtual precision rotary tooljttvan emphasis on the simulated forces and
the handling of the haptic device.

In the FT group, the participants performed theilianzation and the practice steps.
In the familiarization step, participants manipathtthe virtual tool following a series of
exercises presented through the instructions.rsh éixercise consisted of moving the virtual
tool clockwise and anti-clockwise towards each eomf the area to be polished. A second
exercise consisted of moving the virtual tool asrtse area. Both exercises were repeated
when the virtual precision rotary tool was switchaa so that participants could feel the
generated forces that emulated the functioningheftvol. The familiarization step aimed to
help participants in understanding the mappinghefworkspace of the haptic device in the
virtual environment.

Once the familiarization step was complete, paréints from the FT group performed
the practice step which consisted of part-taskiingi on angle and force skills. Participants
were previously instructed about the ranges forlearamd force skills required for the

performance of a polishing task which were respebtiset to 0° t010°, and 1 N to 5.3.N

" These ranges were estimated asking the two erperllurgists from Tecnatom S.A. to perform thektas
the laboratory at the University of Malaga usingreantom Desktop (Section 5.4.2). However, in tree ¢ the
maximum boundary of the range of correctness afefakill (5.3 N), it was not possible to providelsicontact
force feedback in this experimental study becabsehfiptic device used here, a Phantom Omni, wasaihé
to render forces up to 3.3 N. Beyond this levelfate, the virtual stiffness of the object beinghtawted
decreases, becoming a natural limit for the forwebé applied by participants. Nevertheless, thisids a
problem for the internal validity of the experimgas this limit was consistent between the practiep and the

evaluation step.
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The design of the proposed part-task training wasipusly refined in a pilot experiment
which involved 4 PhD students from the Human FacResearch Group at the University of
Nottingham. The resulting design consisted of 1€rexses.

In exercises 1 to 5, participants were requirethtntain the virtual tool in a fixed
position. In exercises 6, 7 and 8, participantsewequired to perform respectively circular
(Figure 64.a), forward to backward (Figure 64.by deft to right (Figure 64.c) motions
across the surface area. In exercises 9 and icipants were asked to repeat the motion
with which they felt more confident. After each eise, participants rested for at least three
minutes maintaining their wrist and forearm in autn@ position resting on the table.

Nonetheless, they were free to prolong their rgsts long as they felt necessary.

Figure 64. During the practice step, all particiganvere presented three
trajectories: (a) circular, (b) forward to backwamd (c) left to right. In exercises
6 to 10, FT were required to practice angle anddgakills moving the virtual

polishing tool across the metallographic replicaeaaraccording to these

trajectories.

Each exercise was composed of 4 items of 60 seceads in which participants
attempted to maintain angle and force skills witthia specified ranges continuously for 15
seconds. After completing an item, participantsemgrovided with augmented feedback in
the form of visual and audio terminal KR (Sectiof.b.2) which informed whether they had

succeeded or failed at achieving this goal (Taftle 1
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Table 11. Design of the part-task training and dale of the augmented
feedback throughout part-task training items farheaf the 10 exercises.

Items 1 2 3 4

Trained Skill(s) A F  A&F A&F
Concurrent KP: Angle & Force
Angle (dial) Xr Xt
Angle (Sound)
Force (dial) X Xt
Force(Sound)

Concurrent KR : Remaining time within range

Bar & Stopwatch X X X X
Terminal KR
Visual X X X X
Sound X X X X
A Angle Xt Concurrent KP indicator
FE shown with range which
orce indicates the threshold
A&F Angle & Force values of the target skill

X Indicator shown but range
is hidden

For item 1, participants were asked to maintainiicenation of the virtual precision
rotary tool within a given range. A dial indicataas displayed to show whether the angle
was within the range or not (Table 11). For itenp&rticipants were required to apply force
on the surface area. This time they had to apglyr@e within a given range (Table 11). A
different dial indicator was displayed to show wiegtthe force was within range. For item 3
participants were asked to simultaneously mainthé angle and the applied force within
their respective ranges. Both dial indicators waisplayed to angle and force (Table 11). In
both dial indicators presented in these last iteims,ranges for angle and force skills were
marked as a green area (Figure 62). For item 4icjpants were asked again to maintain

angle and force within range, but this time no thdicators were displayed (Table 11).
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In the HT group, participants physically perforntid initial familiarization step, but
not the practice step. Therefore, they were awatbeomapping between the haptic device
and visual/haptic system responses, but had nat $i@ecifically trained in the performance
of angle and force skills required in the polishiagk. Instead, this group watched a video of
a screen recording of the part-task training penéd by an expert user and received verbal
explanations. The expert user was not shown orvithe in order to prevent participants
from mimicking motor skills by observation (Heyesr&ster, 2002).

The CT group physically performed neither the faamitation nor the practice steps.
Instead they watched two videos. This condition vwatuded to allow the isolation of the
impact of the familiarization exercises and thenirgy activity on performance. The first
video which substituted the familiarization ste@getd an expert user performing the
familiarization exercises. Thus, any possible leayneffect was discarded from the
performance of the familiarization step. While waitg the video, participants of the CT
group received verbal explanations of the haptitsagons perceived by the expert. The
second video which substituted the practice stepthva same video watched by participants
of the HT group.

Finally, all groups were instructed to perform teealuation step. During three
minutes, participants attempted to complete théspiolg across the metallographic replica
area by applying trained skills and moving theuaftprecision rotary tool according to the
motions proposed to them through the practice €lefour map indicators were displayed to
monitor the progression of the polishing task. Heere no indicators showed whether angle
and force skills were or not within range.

Afterwards, participants were interviewed and weguired to rate a series of items
and give their impression through a questionnampéndix D).

The total duration of the experiment was approxatyatof two hours for the

participants of the FT group and one hour for thafsether groups.

6.2.4 Data Analysis

Six dependent variables were measured. The firgtetmeferred to performance
measures which were related to the completion af polishing task across the
metallographic replica area. Completion was fimhputed as a value between 0 and 100%
for each pixel of the colour map and stored ) §*  completion matrix (Section 5.1.2.3):

(1) the “Task Completion” was the average of thieies stored in the completion matrix; (2)
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the “Half-completion Area” was the percentage @&aawhere the polishing was completed at
more than 50%; (3) the “Full-completion Area” ag thercentage of the area for which the
polishing was completed at more than 80%. The dtiree dependent variables were related
to the accuracy of angle and force skills:(4) thgla error time, (5) the force error time and

(6) the total error time which respectively meadutiee total elapsed time when applied

angle, force and either angle or force were maiethiout of the range defined for the

polishing task.

At the end of the experiment, participants wereunegl to rate a series of items
related to their experience during the performaatdhe polishing task, and give their
impression. Subjective data were collected in trenfof a questionnaire through a series of
closed-ended questions and raw textual data (App@&)d A typical 5-level Likert-scale was
used for ratings.

In all, there were 33 questions arranged by themoes item of perception of
performance, one item of perception of accuracy, items of easiness of the task, two items
of easiness of interaction, two items of fatigleeé items of perception of the effectiveness
of training, five items of perception of realisnix gems of quality of feedback and 11 items

of presence.

6.3 RESULTS

Measures of performance showed that participanteefT group achieved
higher means in comparison with non trained paudicts of HT and CTHgure 65.
A One-Way analysis of variance (ANOVA) was perfodmasing SPSS statistical
analysis software package release version 19.@00.test the effect of the training
condition on the performance of a polishing taskatiStical significance was
established gt < 0.05. The ANOVA reported significant differendestween groups.
The effect of the training condition was statidticaignificant for the task completion
measures (F(2,27) 33.47,p < 0.001), the half-completion area (F(2,27) = 39®<
0.001) and the full-completion area (F(2,27) = 849< 0.001).
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Figure 65. Mean performance results along withsthedard deviation (error

bars) for each training condition.

A Tukey’s HSD Post Hoc Test indicated that trainedigpants of the FT group
performed significantly better than those from HId&LT who were not trained on angle and
force skills (Table 12). Moreover, the analysis dimt report any significant differences of

performance between participants of HT and CT gsoup

Table 12. Multiple comparison of training conditsoperformance means

Task completion Half completion arei Full completion area

FT vs. HT p<0.001 p<0.001 p< 0.001
HT vs. CT p=0.935 p = 0.949 p=0.933
CTvs. FT p<0.001 p<0.001 p < 0.001

Note. Significant level at p < 0.05.
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Results obtained from error time measures suggekttdrained participants of the
FT group were more capable of maintaining appliegleand force within range compared

to non trained participants from HT and CT (Figa6g.
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Figure 66. Means error time differences betweenitrg conditions.

A one-way ANOVA analysis highlighted a significaeffect of training
conditions on angle error time (F(2,27) = 6.89% 0.006), force error time (F(2,27)
= 12.54,p < 0.001) and total error time (F(2,27) = 23.88; 0.001). ATukey's HSD
Post Hoc analysis indicated significant or mardjnaignificant differences between trained
participants of the FT group and non trained pgdicts from HT and CT groups (Table 13).
Although a significant difference in angle errané was reported between participants from
FT group and those from HT, there was only a maitbyirsignificant difference between FT
and CT and no significant difference between HT &id Participants of the CT group
appeared slightly more accurate at maintaining eangthin range than those from HT.
However, participants of the FT group appearedifsagimtly more accurate to exert forces
than those from HT and CT. No significant differenwas found between non trained

participants from HT and CT groups.
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Table 13. Multiple comparison of training conditsarror times

Angle error time Force error time Total error time
FT vs. HT p =0.005 p <0.001 p <0.001
HT vs. CT p = 0.599 p =0.949 p =0.815
CTvs. FT p =0.051 p <0.001 p <0.001

Note.Significant level at p < 0.05.

Subjective data collected through the questionnaoresisted of rated items arranged
by themes, and comments. For each group, ratingeros were averaged per theme in order
to provide a mean score in accordance with thert.d@ale (Table 14). The ratings suggested
that participants of the FT group found the tasH #me interaction paradigm to be easier
compared to those from groups HT and CT. They abgmorted that they felt their
performance to be more effective and accurate, bt a better opinion concerning the
effectiveness of the training they received. Hoeveparticipants from CT group also
reported, to a lesser extent, satisfaction abaattithining condition they were assigned. In
general, participants of the CT group tended to/ide higher ratings compared to those of
participants from HT. Moreover, all participantslt feelatively involved in the virtual
environment for the performance of the task, angdeha positive opinion concerning the
realism of the simulation and the quality of theypded feedback.
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Table 14. Descriptive (means and standard devf3tifrthe averaged ratings for themes.

Easiness of Easiness of Perception of Perception , Perception Perception  Quality of
: Fatigue : Presence e
task Interaction  performance of accuracy of realism of training feedback
M+ SD M+ SD M+ SD M+ SD M+ SD M+ SD M+ SD M+ SD M+ SD

FT =10 3.7£0.6 425+04 3.9+£0.7 3.7£0.8 3.8+£0.9 3.8+0.8 3905 46+04 4.25+0.6
HT w-10 264115  3.15:009 24+13 28+123 36+08  37+05  35+05  33+07  4.02+05
CT =10 3.25%1 3.7+£0.7 2.8+1.13 3+0.9 39+1.2 3.7x05 3.8x04 4031 4.4 +0.6
All" =20 321 3.7+0.8 3+1.22 3.2+1.05 3.8+0.9 3.7+£0.6 3.7+x0.5 4+09 422 +0.6

Likert Scale quote: 1- denoting strongly disagr2e disagree, 3 - neutral, 4 - agree, and 5 - stigragree

8 The criterion used to represent means and stamtdaidtion data were as follow:

Data are rounded to one decimal point, unlessdideitmal is 1 or whether being a 2, the followindeiss than 5. In such cases means and standagatidevdata are

19T

rounded to two decimal points. This approach wélfbllowed onwards to express means and standaidtide data.
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Table 15. Statistics analysis (Kruskal-Wallis Hbtds test the significance of

comparison of data mean ranks from all groups.

Kruskal-Wallis Test Chi-Square df Asymp. Sig.
Easiness of the end task 4,521 2 0,104
Easiness of the haptic Interactic 10,805 2 0,005
Perception of performance 7,757 2 0,021
Perception of accuracy 3,953 2 0,139
Fatigue 0,454 2 0,797
Perception of realism 0,129 2 0,938
Presence 3,237 2 0,198
Perception of training 13,383 2 0,001
Quality of feedback 2,480 2 0,289

Mean scores for each group were compared in a lddékallis H-test, withp < 0.05
considered to indicate the statistical significarftable 15). Significant differences were
found between groups in the ratings of items rdlabethe easiness of the interaction (H(2) =
10.805,p = 0.005), the perception of task performance (H{2)757,p = 0.021) and the
perception of the effectiveness of the training2H¢ 13.383,p = 0.001). A post-hoc all-
pairwise comparison Kruskal-Wallis One-Way ANOVA -$amples) conducted on
statistically significant results reported sigréiint differences between participants from
groups FT and HT (easiness of the haptic interagtie= 0.003; perception of performange,
= 0.024, and perception of the effectiveness anitng, p = 0.001). However, no statistically
significant difference was found between groupsdft CT, and neither between HT and
CT.

After the experiment, participants were stronglyamaged to provide comments
related to their experience. The collected dateevesralyzed with a Theme-Based Content
Analysis (TBCA) (Neale & Nichols, 2001), a methoogy that aims to enhance the
gualitative evaluation of interactive technologésl enables reporting opinions presented in
the form of raw textual data in a consistent wapgéndix E).

Almost all participants found the instructions dhd colour map useful to understand
what was asked and what was happening during thshpay task. However, couple of

participants admitted some slight confusion to elate the magnified colour map to the
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metallographic replica area. Moreover, participarassidered the VR simulation to be quite
realistic but the modelling of force to be a bitake

Many participants commented the complexity of thektand their lack of accuracy.
For instance, five participants from FT group, se#®m HT and seven from CT reported
some troubles and sometimes feeling confused apmplyie correct force on the surface of
the material, while only two from HT and four froBT found difficult applying the correct
angle. However, none of the participants from Fbugr mentioned the complexity of
maintaining the angle within range.

Although the proposed part-task training was laagfihg, only three participants of
the FT group reported to feel fatigue in the cowbtéhe experiment and four participants
recognized that it was effective to support the andéarning and thus improve the task
performance. Two other participants from FT grolgo ehighlighted that receiving more
practice would have been appreciable in order {wave the performance of angle and force
skills. However, many participants from other grsueight from HT and four from CT,
considered that the training condition to whichytheere assigned was not sufficient to
accurately perform the polishing task, and previpinysical practice would have been
necessary. Moreover, several participants from @dug underlined the complexity of

converting the information presented in the videds accurate motor skills.

6.4 DISCUSSION

In this experimental study, the effect of part-tasining on the development of angle
and force skills for the performance of a polishiagk simulated in a virtual environment has
been investigated. The design of the proposedtaskttraining has been refined during a
pilot experiment. The resulting design was inspifggl progressive-part practices of
fractionized and simplified skills enhanced withncarrent and terminal augmented
feedback. Moreover, a haptic device enabled sinmgjaintrinsic information like that
perceived in real operating environments.

Three training conditions were tested. FT providaahiliarization with the haptic
interaction and enabled practicing independently simultaneously angle and force skills
required for the performance of a polishing tasK. ptovided only familiarization with the

haptic manipulation. The training consisted in vaaig a video of the part-task training
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performed by an expert. CT watched videos of thalfarization and the practice performed
by an expert.

The results showed that participants of the FT growere significantly more
proficient performing the polishing task than thdsem HT and CT. This suggests that the
proposed part-task training supports motor learnamgl enables novice participants to
progress to a more advanced stage of learning asithe associative stage (Section 2.2.2.1).
However, the significance of the measure of anglerd¢ime between participants from CT
and FT groups is controversial. Effectively, resufturprisingly reported a marginally
significant difference between both groups. In castt as it was expected, a significant
difference between participants from FT and HT gswand no significant difference
between those from HT and CT were found. Thus,ethigglings highlight an issue in the
design of the training condition assigned to pgrénts of the CT group. More investigation
would be needed to determine the nature of thigiss

These findings enable discarding any significanariang effect due to the
manipulation of the haptic device during the faamiiation step, suggesting that motor
learning occurred only through the practice stdpe Two experimental hypotheses are thus

verified:

1. The part-task training proposed throughout the tpracstep enhances motor
learning which led to the successful developmerangfile and force skills.
2. Motor skills trained through part-task training céwe transferred to the

performance of a whole polishing task simulated inrtual environment.

The experimental results concur with those of Moet al. (2007), which stated that
the effectiveness of training with augmented feeldbarovided through visual and haptic
cues enhanced learning of complex motor skills siscforce skills. However, the complexity
of the polishing task is far from that of the taskposed by Morris et al. (2007). Effectively,
in this experimental study, the correct force cstssiof a force exerted within a specific
range, whereas in the study of Morris et al. (20@¥) correct force varied along a passively
guided trajectory. However, the complexity of fiaishing task was high to the extent that
the stability of applied angle and force tendedéoaltered by changing tangential forces
generated by the haptic device while moving acrties metallographic replica area.
Moreover, on the basis of the findings of Balijépahd Kesavadas (2006), it is assumed that

the curvature of the surface perceived while mowaegoss the area also has a significant
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effect on the stability of applied forces. Thuse tholishing task presented an increased
degree of complexity to the extent that participanere required to pro-actively perform

several motor skills simultaneously:

Angling correctly the virtual precision rotary tool
Applying forces within a specific range

Moving the virtual tool within the metallographieplica area.

0N

Attempting to reproduce one of the three motion et@dcross the area.

Augmented feedback was provided in the form of alistoncurrent KR and KP in
order to enhance motor learning throughout pak-tesning. However, in accordance with
Esen et al. (2004), concurrent KP was sometimelsdnatvn in order to prevent trainees to
only rely on it for the estimation of the correcteeof trained motor skills. Alike in the
proposed part-task training, Esen et al. (20040 umech augmented feedback to provide
performance information on applied forces whilenireg a bone drilling operation. They
have demonstrated that force skills could be leasitg that source of information.

In more recent studies, Esen et al. (2008a, 20@Bbposed an online haptic
interaction paradigm which was used to providehigtic sensation perceived by a trainee to
an experienced instructor. Thus, the system enablkedxperienced instructor to interfere
with the performance of the force skill. In thetwdies, they have shown that training assisted
by verbal instructions based on visual and hagigeovation was generally more effective to
enhance the learning of force skills than othersésd training modes. However, Todorov et
al. (1997) have demonstrated that training of taoittor knowledge resulted to be more
effective with visual augmented feedback when caegbdo verbal guidelines provided by
an experienced instructor. Alike angle and forci#ssknvolved in the performance of the
polishing task, motor skills trained by Todorovatt (1997) could be hardly refined with
accuracy through verbal instructions. Thereforige taugmented feedback scheduled
throughout the part-task training suggested inejgerimental study appeared to be superior
for accurate skills adjustments compared to vegbaelines usually provided by an expert

metallurgist during conventional training.
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6.5 CONCLUSION

In this chapter, the effectiveness of part-taskning inspired by progressive-part
practices of fractionized and simplified skills,hamced with haptic force feedback and
augmented feedback, has been assessed. Experimesntid$ suggest that part-task training
was an effective method to train angle and forcdissfor the performance of a whole
polishing task simulated in a virtual environment.

In the following chapter, the effectiveness of ¥R training system to train on fine
grinding and polishing tasks is investigated. VRirting of angle and force skills for both

tasks is proposed through a training program coeugpos:

1. Part-task training of angle and force skills insdirby progressive-part
practices, enhanced with augmented feedback antic Hapce feedback, as
proposed in this experimental study.

2. Whole-tasks training which enables practicing fiwnding and polishing

tasks as in real operating environments.
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Chapter 7. Experimental Study 2

7.1 INTRODUCTION

As explained in chapter 4, conventional trainingfioe grinding and polishing tasks
in the context of the metallographic replica tecjuei has issues (Section 4.2.2). However, on
the basis of outcomes of the experimental studyesgmted in chapter 6, the application of
training methods such as part-task and whole-tasking in VR enhanced with haptic force
feedback is believed to enable the developmentngfeaand force skills required in both
tasks.

As detailed in Section 3.2, whole-task trainingR has been found to effectively
support the performance of motor skills involveccomplex manual operations (Suebnukarn
et al.,, 2010; Johanesson et al., 2010; Rhienmoed.,eR011; Oren et al., 2012). Similarly,
previous research has highlighted the effectiverdéssart-task training in VR to support
motor learning (Esen et al., 2004; Aggarwal et 2006; Eid et al., 2007; Sternberg et al.,
2007; Esen et al.,, 2008a; Esen et al., 2008b; Agmlaet al., 2009; Iwata et al., 2011;
Luciano et al., 2012). However, to the best of kim@wledge of the author, conclusions
concerning the effectiveness of part-task trainangcedures based on the fractionation of
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concurrent motor skills are still missing. Moregverany of the works previously mentioned

have proposed full operative training proceduresubh which part-task components were
gradually integrated into a whole-target task (Esteal., 2004; Aggarwal et al., 2006; Eid et
al., 2007; Sternberg et al., 2007; Aggarwal et2009). Nevertheless, part-task and whole-
task training have been rarely associated in a camtraining framework to support the

development and the performance of motor skillghe context of a whole-task as did

Aggarwal et al. (2009).

This chapter presents an experimental study whiak garried out over three days
during the demonstration phase of the ManuVAR pmto{@ppendix C) at Tecnatom S.A.
facilities. Two expert metallurgists participatedthe experimental study during the first day
and six non-expert workers during the following tdeys.

This experimental study consists of two experimemiBich investigate the
effectiveness of part-task and whole-task traitimgupport motor learning. Chapter 6 has
presented an experimental study which has alreeghighted that part-task training enables
the successful development of angle and forcessfall the performance of a polishing task
in a virtual environment. However, in this chaptée first experiment explores whether the
part-task training of those fine motor skills tlae required in a polishing task can be also
extended to a fine grinding task for which a défer range of the angle skill is defined
(Section 7.2). In the second experiment, the affesess of whole-task training is
investigated along with the capability of VR simtidas to provide a realistic representation

of the performance of fine grinding and polishiagks (Section 7.3).

Part of the experiment 2 presented in this chdmsrbeen accepted for publication in
the following paper:

Poyade, M., Molina-Tanco, L., Reyes-Lecuona, Andlay, A., D'Cruz, M., Frutos,
E., & Flores., S. (2012, October). Validation ohaptic virtual reality simulation in
the context of industrial maintenanderoceedings of the Joint VR Conference of
euroVR (JVRC 2012) and EGVHMadrid, Spain.

7.2 EXPERIMENT 1: PART-TASK TRAINING

As mentioned previously, on the basis of outcoméshe experimental study
presented in chapter 6, this experiment investgy#te effectiveness of part-task training
172



Chapter 7. Experimental Study 2

inspired by the fractionation of concurrent motdills and enhanced with augmented
feedback, to support motor learning for fine grimgland polishing tasks. The first hypothesis
formulated in chapter 6 was tested in this expeminfer both tasks: Part-task training is
effective in improving the proficiency of traineesapplying angle and force skills for fine

grinding and polishing tasks.

7.2.1 Methods

7.2.1.1 Participants

Six trainees (1 female and 5 males) aged from 3&bttook part in the experiment.
All trainees were non-expert workers from TecnatS8mA. One declared that he/she was
skilled in performing the metallographic replicachaique, the other four had little
knowledge and another one was a complete noviceeler, all trainees received previous
procedural training through which they acquired otieéical knowledge about the
metallographic replica technique (Appendix C). Thesere also familiar with the
manipulation of power tools but they had no presi@xperience with VR technology and
haptic device handling.

All trainees filled in a consent form before the@gedural training and were informed
about the purpose of the experimental study andigation policies (Appendix D). Trainees
reported no arm or wrist disabilities and only draénee (trainee 3) reported colour blindness

as uncorrected visual impairment.

7.2.1.2 Apparatus

The VR system ran on the ManuVAR platform distrdziton two workstations
(Appendix C). PC 1 supported the ManuVAR technalabielements in charge of the
management of the platform (Poyade et al., 201d)aahaptic server especially designed for
ManuVAR. A Phantom Desktop, a haptic device ableetaler a maximum force of 7.9 N on
3 DOF, enabled interacting within the virtual emviment (Appendix A). PC 2 displayed the
virtual environment in which part-task training weesried out, on a 3D screen (W: 1500 x
H: 1200 mm) with a resolution of 1280 x 960 pix@lke 3DVia Virtools VR player rendered
the virtual environment at a refresh rate of 60Mke virtual environment was visualized
through a pair of passive stereoscopic glasseppeadiwith a set of infrared light reflective
markers which were tracked by 6 infrared cameras fNatural Point Optitrack in order to
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estimatethe point of view of the performer (AppencB). A separate laptop located in

adjoining room was used to display the instructi
Traineesstood at about 1 m in front of the 3D screFigure 673. The haptic device

was placed in front of them and elevated so théitamrkspace physically matched with 1

manipulation workspace in tlvirtual environment.

Figure 67 A worker performsa part-task training sessioattempting to appl

angle and force withispecificranges.

Trainees were asked handle the haptic device as if it were a reatgiide powel
tool. The stylus represented the body of the virtual poteel with the rotating whee
attachment sitting at a 90° angle from the endhefstylus Figure 68).
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Figure 68. Mapping of the virtual precision rotaopl on the Phantom Desktop

stylus (This figure has been manipulated with aagenediting software).

The virtual environment consisted of a 3 x 4.5 cetattographic replica area located
on the lateral of a pipe in an industrial plang(ke 69).

A set of performance indicators, displayed in @rat panel (Figure 69), provided
concurrent augmented feedback in the form of Kndgde of Performance (KP) and
Knowledge of Results (KR) to inform respectivelyoab motor skill accuracy and goal
achievement (Section 2.4.2). KP indicators condisfea dial and bar gauge that respectively
showed the value of angle and force being apphked.both skills, indicators also displayed
the threshold values which referred to the bouedant the target ranges. Moreover, KR was
displayed in the form of a clock which indicate@ tiemaining time during which the trained
skills should be maintained within thresholds idesrto achieve the goal of the training item.
As mentioned in Section 5.1.1.2, the effectivenesghose indicators to support motor
learning has been previously discussed in an exjeatal study carried out at the University

of Nottingham (Langley et al., 2012).

Figure 69. Virtual environment in which part-tas&ining took place along with

the lateral panel in which concurrent augmentedidaek was provided.

Moreover, as in the experimental study presented chapter 6, recorded

environmental noise and sounds from a real pm@tisdtary tool with its rotating wheel in
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contact with a material, or when rotating freelyerev rendered in order to enhance the

realism of the simulation.

7.2.1.3 Design and Procedure

The experimental procedure followed a within-subjeéesign. The performance of
participants was compared before and after pakt-temning. The procedure to follow

consisted of:

1. A pre-evaluation.
2. Two part-task training exercises
3. A post evaluation.

Before starting, trainees were assigned a unigeatiitcation number and were
randomly distributed in two groups: One group perfed part-task training related to a fine
grinding task and the other to a polishing tasleviusly to the experiment, trainees were
verbally and textually informed about the purpo$¢he experiment and the procedure they
were required to follow (Appendix D). They werealgiven a description of the virtual
environment and instructed about the visual augeterfeedback they would receive
throughout part-task training.

The pre-evaluation was composed of six items of mimaute each in which trainees
attempted to maintain angle and force skills fois&6onds within specific ranges for the task
to which they were assigned. Ranges had been destusnd set heuristically by the two
expert metallurgists from Tecnatom S.A. For the fgrinding task, the ranges for angle and
force were respectively set to 75° to 90° and 1SNo whereas for the polishing task, the
ranges were 0° to 20° and 1N to 5N. No visual faekllon the performance of angle and
force skills (concurrent KP) was provided whilefpeming the pre-evaluation.

Each part-task training exercise was composedsefjaence of four training items of
60 seconds, inspired by progressive-part pract{&extion 2.3.3). In each item, trainees
attempted to maintain angle and force skills sdépbraor jointly within ranges for 10
seconds. In items 1 and 2, participants were reduo maintain respectively angle and force
within the specified ranges. Visual indication @fgke in item 1 and force in item 2 were

provided so that trainees could refine the pradtisidlls (Table 16). In item 3, angle and

° Due to restrictions on the availability of workeesperform the experiment, part-task training whasrtened to

two training exercises.
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force skills were combined in order to be practisegether (Table 16). Trainees tried to
maintain both skills concurrently within the reqedrranges using the visual aid provided by
angle and force indicators (Figure 69). In itentrdinees attempted the same as proposed in
item 3 but KP indicators were withdrawn (Table 1®hus, trainees were encouraged to
perform based on the motor knowledge acquired tiirout previous items. After each item,
trainees were provided terminal KR as a positivaeegative hint in the form of a green tick
or a red cross that stated for goal achievemermtti(®e5.1.1.2). Between each exercise, each
trainee was required to rest in an adjoining roonlevanother trainee from the other group

performed the equivalent exercise.

Table 16. Design of the part-task training and mwion of the augmented
feedback in each training item.

ltems 1 2 3 4

Trained Skill(s) A F A& A&F

Concurrent KP: Angle & Force
Angle (dial) Xr Xt
Angle (Sound)
Force (bar) )4 Xt
Force(Sound)

Concurrent KR : Remaining time within range

Clock X X X X
Terminal KR

Visual X X X X

Sound X X X X
A Angle Xt Concurrent KP indicator shown
F Force with range which indicates the
A&F Angle & Force threshold values of the target

skill

X Indicator shown but range is
hidden

After the two training exercises, participants pearied the post-evaluation which was

designed as the pre-evaluation.
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At the end of the experimental study, participamése interviewed and were required

to rate their training and give their impressiorotlgh a questionnaire (Appendix D).

7.2.1.4 Data analysis

Two measurements were carried out for all partitipaduring the pre and post

evaluations in order to be compared. The colledtd consisted in:

1. Measures of effectiveness of part-task trainingupport learning of angle and
force skills revealed by the number of successfodgnpleted items for each
participant.

2. Measures of efficiency expressed by the averageplation time of items for

each participant.

At the end of the experimental study, trainees wevéed to give their impression
and rate their training. Subjective data were ctdld in the form of a questionnaire through a
series of open and closed-ended questions (AppdMdiA typical 5-level Likert-scale was

used for ratings assigned to closed-ended questions

7.2.2 Results

Considering that the number of participants was so@ll to perform a statistical
analysis, experimental results are presented fdr grainee.

Measures of effectiveness of part-task traininggested that all trainees were able to
achieve the six items proposed during the postuatiain for both tasks (Figure 70.a & b).
However, only one participant (trainee 4) from t@up assigned to the polishing task
succeeded in achieving the six items proposed gltin@ pre-evaluation (Figure 70.b).

Measures of efficiency showed that trainees wereerafficient in completing the six
items during the post-evaluation compared to tltadsthe pre-evaluation (Figure 71.a & b).
Although it is not possible to claim without st#étial analysis, these findings point out that,
participants became more accurate at maintainig¢eaand force skills within the specified
ranges after motor skill training. Thus, part-tdskining enabled trainees to become more
proficient performing motor skills required in bd#sks.

Moreover, trainees provided high ratings of pasktaraining with the statements that
tasks were easy to complete and indicators of amgleforce were helpful in performing the

items scored near to the maximum (Table 17). Ndribeoparticipants reported any physical
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discomfort and found difficult to use the hapticvide to interact within the virtual

environment although one trainee mentioned thatentione would have been necessary to

get familiarized with the interface.

The trainees also positively rated the visual ipadf the virtual environment

displayed on the 3D screen and found that it didimpact on their performance. However,
they commented that the quality of graphics cotildl lse improved in order to bring more
realism to the virtual environment, and the sizd #re workspace of the virtual precision

rotary tool could be refined to fit with more resic dimensions (Appendix F).

Figure 70. Comparison of performance of trainee®rbeand after part-task
training on angle and force skills for (a) finergting and (b) polishing tasks.

Figure 71. Comparison of the average completiore torhitems before and after
practice of angle and force skills for (a) finengting and (b) polishing tasks.
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Table 17. Mean scores and ranges given by traeiéarspart-task training.

N° Statements Mean Range (N = 6)
1 1found it easy to do the task 4.17 4-5
2 | found the force feedback helpful to perform mgkta 4.7 3-5
3 | found the angle feedback helpful to perform gkt 4.7 3-5
4 The system provided adequate feedback to showrtiee 4.3 3-5
that has passed during the task
5 | found it easy to learn how to use the haptidekev 4.3 4-5
6 It was easy to use the haptic device 4.5 4-5
7 Virtual representations of objects moved in a ratway 4 3-5
8 | liked the way that the motor skills training ajspkion'® 4.17 3-5
was realized
9 1did not experience any physical discomfort dgrthe 4.8 4-5
task

Likert Scale quote: 1- denoting strongly disagr@e disagree, 3 - neutral, 4 - agree, and 5 -

strongly agree

7.2.3 Discussion

These findings suggest that the proposed part#@sking, even when performed
during a short time, enabled the successful dewsdmyp of angle and force skills according to
the requirements for fine grinding and polishingk& These findings are actually in
agreement with those presented in chapter 6 for pibleshing task. Thus, the initial
hypothesis addressed in chapter 6 has been thuly mewfied for the polishing task.
Moreover, in this experiment, the effectiveness pafrt-task training has also been
demonstrated for a fine grinding task for which tlamge for angle skill was different.
Although the verification of the initial hypothedisr a fine grinding task cannot be claimed
as in chapter 6 due to the lack of experimentalltgswith regards to the results obtained in

this experiment and considering the principle afiggalization of motor programs (Section

9 In the context of the ManuVAR demonstration phake, VR training system supporting part-task tragni

was referred as motor skill training application.
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2.2.1.2) presented by Schmidt (1975), it is hightgbable the initial hypothesis to be also
true in the case of a fine grinding task.

From Figure 71, it can be noticed that participaayppeared to be more efficient
maintaining motor skills within the specified rasga the case of the polishing task. This
suggests that motor skills required for polishingreveasier to apply when compared to those
of a fine grinding task. One possible explanatiauld be that the estimation of correct angle
for polishing was more intuitive. However, more ésstigation is needed to explore this.

These findings also suggest that the proposed slithgdof concurrent augmented
feedback (KP and KR) provided throughout trainimgreises was effective to support motor
learning. Effectively, once angle and force indicat were withdrawn, as in the post
evaluation items, the performance of those motdtssitid not worsen. Thus, augmented
feedback provided in the form of concurrent KP gty withdrawn throughout part-task
training and concurrent KR always provided did Inate any guidance effect as described by
Salmoni et al. (1984), Schmidt & Wrisberg (2008)daRanganathan & Newell (2009).
Moreover, as discussed in chapter 6, these expetahnesults are in concurrence with Esen
et al. (2004), Morris et al. (2007) and Esen et(2008a, 2008b) to the extent that the
suggested training enhanced with such augmenteddek enabled learning complex forces.
However, as far as it has been investigated, nererpntal data concerning the learning of
the angle skill in virtual environments have beennd. Thus, these experimental results
allow filling this gap demonstrating that VR traigi can also support the development of

angle skills within distinct ranges.
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7.3 EXPERIMENT 2: WHOLE-TASK TRAINING

In the context of the ManuVAR project, this expegiminvestigates the effectiveness
of whole-task training to support performance inyarments for fine grinding and polishing
tasks. Moreover, this experiment also explores hdratask simulations proposed through the
whole-task training provide a realistic represaatatof the reality to the extent that the
simulation of task performance allows discrimingtivetween the level of expertise of expert
metallurgists and non-expert workers.

In this experiment, two hypotheses have been thunsiflated:

1. Whole-task training consists of an effective tragifor the performance of
fine grinding and polishing tasks.

2. Task simulations proposed through the whole-tasikitig provide a realistic
representation of task performance to the exteat tbvels of expertise
acquired in real operating environments can be ssficly applied to the

context of VR training.

7.3.1 Methods

7.3.1.1 Participants

The six trainees involved in the experiment 1 (Bec?.2) were invited to participate
in this experiment. Moreover, two expert metallstgi(2 males) aged 31 and 35 also took
also part in the experiment. Expert metallurgistd beveral years of experience manipulating
power tools in the context of the mechanical prapan of material surface required in the
metallographic replica technique, and had verieligixperience with haptic device handling
in virtual environments. Expert metallurgists diok meport any arm or wrist disabilities, and

uncorrected visual impairment.

7.3.1.2 Apparatus

The experimental setup described for the experirhgBection 7.2.1.2) was reused in
this experiment but PC 2 displayed the virtual emwnent in which whole-task training
occurred.

As in experiment 1, participants stood at about Innfront of the 3D screen and
handled the haptic device placed in front of thesnifat were a real portable power tool

(Figure 72).
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Figure 72. A trainee performs a whole-task trairsegsion, using the colour map
on the metallographic replica area along with ttegnification represented in the

lateral window.

The virtual environment was also similar to that e{periment 1 (Figure 69).
However, for the whole-task training, there was lateral panel to provide concurrent
augmented feedback on the performance of the ttametor skills. Instead a colour map
indicator laid on the metallographic replica areavpled concurrent KR. As it has been
presented in Section 5.1.2.2, the colour map usedl@ur coding (from red to green) to
inform about the completion of the task on the thegeaphic replica area (Figure 73). The
colour map was also magnified and shown in a |atenadow located on the right lower

corner of the monitor (Figure 73).
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Figure 73. Virtual environment in which whole-taskining took place.

7.3.1.3 Procedure

The experimental procedure consisted of a withisjexzt design. The distribution of
trainees into two groups was maintained as in exy@t 1. Expert metallurgists repeated the
training procedure for each task, as describedibdotrainees.

Before starting, all trainees received verbal andual instructions about the purpose
of the task and were explained how to interpretitii@mation provided by the colour map
(appendix D). Then, trainees performed a pre-&t@o step composed of two items of 3

minutes:

1. A familiarization item during which they were askidperform the task they
were assigned, using the visual aid provided byctheur map indicators.

2. A pre-evaluation item during which they performéxa ttask without visual
feedback.

Trainees practised the whole-task through two imgiitems of 3 minutés. For each
item, colour map indicators were displayed on dedm@mtinuously for 10 seconds. Between
each item, the trainee rested in an adjoining redmnte another trainee from the other group

performed the equivalent item.

™ As for part-task training, due to restrictionstbe availability of workers to perform the experithewhole-

task training was shortened to two training items.
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Finally, trainees were evaluated through a poslueti@n item which consisted of
performing the whole-task during 3 minutes withawour map. Afterwards, trainees were
interviewed. As in experiment 1, they were requitedrate the training and give their
impression through a questionnaire (Appendix D).

7.3.1.4 Data analysis

Measurements were carried out during the pre arst-@@luation items. The
collected data provided three measures of perfocmanpressed in the form of percentages
which stated for distinct levels of task completfon

1. The “Task Completion” was the average of the vakiesed in the matrix.

2. The “Half-completion Area” was the percentage @aawhere the task was
completed at least at 50%.

3. The “Full-completion Area” as the percentage ofadhea for which the task

was completed at more than 80%.

As in experiment 1, participants were invited targhtheir opinion and rate the
training through a questionnaire composed of opwh @dosed-ended questions (Appendix
D). A typical 5-level Likert-scale was used foringis assigning the following statements to

closed-ended questions.

7.3.2 Results

As in experiment 1, the statistical analysis ofulisscould not be conducted, thus
experimental results are here presented for eaticipants.

Measures of performance showed the effect of whadk- training on task
completion, half-completion area and full-complatarea for fine grinding and the polishing
tasks (Figure 74). Overall, the findings highligie general trend of improvement of
performance after whole-task training. Althoughpmwements were slight in the case of the
fine grinding task, the performance of traineesegalty tended to improve. However, trainee

1 was not as successful in performing the finedinig task during the post-evaluation as

? These were obtained from the processing of the d#tred in the elements of the matrix,.

corresponding to the percentages of task complsseinehe pixels of the colour map (Section 5.2.2.3
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he/she was during the pre-evaluation (Figure #&g), and all participants but one (trainee
2) performed the polishing task better after whakek training (Figure 74.b, d, & f).
Moreover, measures collected during the pre-evialnatitem revealed that expert
metallurgists were able to complete both taskseatiy higher performance rates than
trainees (Figure 75). This suggests that simulatgmoposed through the whole-task training
provided a realistic representation of task pertoroe enabling differentiating between
expert and non-expert workers.

All participants were mostly positive about the Wéitask training although, one
trainee (trainee 6) disagreed with the statememtsarning the easiness of the task and the
understanding of what was happening during the. takks trainee stated that he/she had
experienced difficulties on correctly applying feron the material surface.

All participants found the user interface very itiue, the colour map to be helpful
even if one trainee (trainee 3) reported to bewslbdind, and appreciated the simulation of
the virtual environment and haptic sensations (@ab8). Trainees reported that the
simulation”fits the reality of the workand expert metallurgists highlighted the realishthe
simulated tool and the effectiveness of the whagttraining because it enabled to put a
performer in the context of the mechanical prepamatasks required in the metallographic
replica technique (Appendix F).

Moreover, as in experiment 1, participants podyivated the visual quality of the
virtual environment displayed on the 3D monitor hperforming the whole-task training
and found that it did not impact on their performanAs well, comments concerning
graphics quality, the size and the workspace ofvitiaal power tool reported in experiment

1 could be also applied to this experiment.
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Figure 74. Measures of performance for all trainee®re and after whole-task
training: Completion of (a) the fine grinding taskd (b) the polishing task; Half-
completion area for (c) the fine grinding task gddl the polishing task; Full-
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Table 18. Mean scores and ranges given by the erpallurgists and trainees

after performing on the training simulator

Experts (N = 2) Trainees (N = 6)

N° Statements Mean Range Mean Range

1 |found it easy to do the task 4.5 4-5 3.7 2-5

2 The user interface seemed intuitive to u 5 5 4.5 4-5

3 | understood what was happening dur 5 5 4 2-5
the task

4 | found the colour map helpful to perfor 5 5 4.8 4-5
my task

5 \Virtual representations of objects mov 4.5 4-5 4.3 3-5

in a natural way

6 | liked the way the simulatio 5 5 4 3-5
applicatior?® was represented

7 | did not experience any physic 4.5 4-5 4.17 4-5
discomfort during the task

8 It was easy to use the haptic device 4.5 4-5 4.7 4-5

Likert Scale quote: 1- denoting strongly disagr2e disagree, 3 - neutral, 4 - agree, and 5 -

strongly agree

7.3.3 Discussion

Performance of trainees was first compared befoe after training in order to
highlight improvements subsequent to whole-taskctpre. In the overall, experimental
results suggest that performance of trainees tetaledprove after whole-task training, even
though in some cases, improvements were slight.éxdew the performance of one trainee
(trainee 2) was less efficient after whole-taskinireg. That trainee later provided an
explanation for his/her low performance rate comtingrthat throughout the post-evaluation
item, “you don’t know where you are performing so it i$ easy to do i “I didn’t know
how it was working it was blind wdtkMoreover, even though it has not been reported i
comments, the trainee stated that he/she felt tpdadr to the experimental study.
Nonetheless, these comments could also suggesguitence effect of the augmented

13 1n the context of the ManuVAR demonstration phalse,VR training system supporting whole-task firagn

was referred as simulation application.
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feedback as described by Salmoni et al. (1984) il et al. (2005), Schmidt & Wrisberg,
(2008) and Ranganathan & Newell (2009). Howevenemavestigation would be needed in
order to verify the guidance hypothesis of the aolmap indicator.

The colour map indicator received high ratings frafh participants and positive
comments were provided such dheé colour map is useful, you can check the wotkaye
performing and how you perforni @&nd “...it shows the point in which you have to pdlish
However, as mentioned in section 7.2.1.1, one @ftthinees (trainee 3) has reported colour
blindness as uncorrected visual impairment. Therjpméetation of the augmented information
provided through the colour map indicator was sameproblematic as the trainee was not
able to distinguish some of the colour nuancertter to enable that trainee to refer to the
colour map indicator throughout the whole-tasknirag, he/she was indicated how colours
changed. Nonetheless, such visual impairment did seem to affect that much task
performance when compared to other trainees frars#ime group. However, a colour map
using a grey colour coding has been later develégedolour blind people. This colour map
has been presented in section 5.1.2.2.

In the overall, experimental results enable venifythe hypothesis addressed on the
effectiveness of whole-task training to supporktpsrformance improvements. However,
due to restrictions to run the whole experimentaidg, whole-task training has been
drastically shortened and most probably, task perdmce improvements would have
resulted more outstanding after more intensivenitngi In that sense, experimental results
would concur with findings of Suebnukarn et al. @D who have showed that multiple
rehearsals of whole-task training led to significamprovements of task performance.
However, in that case, a wider sample of traineeslavalso be necessary in order to allow
running a statistical analysis of quantitative data

Performance of trainees before whole-task trainiags also compared to that of
expert metallurgists in order to investigate whetMiR simulations provided realistic
representations of task performance enabling dmcating between different levels of
expertise. Experimental results show that experaliegists were able to achieve higher
performance than trainees. In that sense, tasklaiions enabled applying the levels of
expertise acquired in real operating environmemtfié context of whole-task training in VR.
Thus, simulations proposed in whole-task trainiogsisted of realistic representations of
both tasks performance. The second hypothesis fatatlin this experiment has been

therefore verified. These findings agree with witiose obtained through similar research
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studies carried out on nowadays successfully viadlavhole-task training simulators for

surgical & dentistry tasks (Kalltrém, 2010; Rhiemacet al., 2011). However, in order to

confirm the trend of whole-task training simulasoi® allow discriminating between several
levels of expertise, a statistical analysis of pemiance means involving a wider sample of
participants with different levels of expertise lsuas novice, intermediary, advanced and
expert would be necessary.

Similarly to Rhienmora et al. (2011), participamitave also demonstrated a high
degree of acceptance of the realism of task simoulstproposed through the whole-task
training. Effectively, positive comments concernititgg realism of simulations have been
provided by expert metallurgists.. it makes you feel that you are performing thalre
metallographic replicg “ The environment is very gdodnd trainees “.it fits the reality of
the work”, “...very similar to performing the real taskAppendix F). Expert metallurgists
also notified about the realism of the simulatedvg@otool as It feels like holding the real
tool along with the vibration and souhdvhich is in unison with the belief of Abate dt a

(2009) that the addition of haptics contributescreasing the realism of the interaction.

7.4 CONCLUSION

In this chapter, the effectiveness of the VR tragnsystem has been investigated. A
training program has been suggested in order tavalfaining those motor skills that are
relevant in the performance of fine grinding andighong tasks on the VR training system.
That training program consisted of two fundametraahing methods:

1. Part-task training inspired by the fractionatioraofyle and force skills usually
performed simultaneously throughout fine grindimgl olishing tasks, which
enabled practicing those skills separately and jbietly.

2. Whole-task training which consisted of a holistopeoach to the performance

of fine grinding and polishing tasks.

Part-task training offered the opportunity to isel@ach motor skill in order to be
practice independently and jointly previously toalditask training. In contrast, whole-task
training did not allow focusing on the developmeiita particular motor skill but rather
enabled practicing fine grinding and polishing &8k in real operating environments. In that
extent, part-task training was complementary to ledtask training.

191



Motor Skill Training using Virtual Reality and Haptnteraction - A case study in industrial mairgane

Two experiments have been carried in order to ewalthe effectiveness of each
training method to support motor learning. Moreovwee realism of the representation of task
performance provided through whole-task training baen investigated in term of how well
simulations enabled discriminating between sevérakls of expertise reported in real
operating environments.

In experiments 1 and 2, the effectiveness of @ak-tand whole-task training to
support the development motor skills required mefgrinding and polishing tasks has been
respectively established by comparing the perfogeaanf trainees before and after training.
Moreover, in experiment 2, task performance ohas was compared to that of two expert
metallurgists, resulting in a clear differentialpEfrformance between both levels of expertise.
Thus, simulations proposed through the whole-tasknihg consisted of a realistic
representation of the reality enabling applyingele\vof experience acquired in real operating
environments to the context of VR training. Howevaore investigation involving a wider
sample of participants offering a larger panelesels of expertise is needed to confirm that

trend.
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Chapter 8. Discussion and Conclusion

Traditional training of the fine motor skills reged for fine grinding and polishing
tasks in the metallographic replica technique @iaf whole-task training and occurs under
the supervision of an instructor. These motor skille tacit knowledge which is complex to
transfer verbally. Motor learning is hampered byf@enance assessment issues (Section
4.2.2.1) and inaccurate instructions (Section 422.2Hence, conventional training often
remains complicated, exhausting and discouraging.

Fundamental training methods such as part-taskndnode-task training are believed
to facilitate motor learning (Section 2.3). Thesaining methods have been employed to
successfully train fine motor skills that are relev in clinical (Johnson et al., 2008; De
Visser et al., 2011; Kolozsvari et al., 2011; Kl@hal., 2012), educational (Klapp et al.,
1998; Clawson et al.,, 2001) and industrial (Solet2012) activities. However, part-task
training based on the fractionation of concurrewtan skills, such as angle and force skills
required in fine grinding and polishing tasks, mag hard to achieve in the real world.
Moreover, the implementation of this training metho the real world would not resolve the

issues which arise in conventional training (Set8d).
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On many occasions, training of complex industrianomal tasks in VR has been
considered to be superior to conventional trainagyit enables solving issues which usually
arise in real operating environments (Mujber et 2004; Lee et al., 2010). Moreover, VR
technologies such as haptic force feedback dearebelieved to enable realistic interaction
within virtual environments (Abate et al, 2009; fat al., 2010).Thus, the implementation
of a haptic-based training system which allows-pask and whole-task training in VR, and
also enables providing augmented feedback is B¢y be effective for fixing those issues
that arise in conventional training. Motor learnimguld be thus enhanced.

This thesis introduces a VR training system enhdneih haptic force feedback,
which aims to support the development of motor paots (Section 2.2.1) for the accurate
performance of fine grinding and polishing task&isTtraining system enables applying
fundamental training methods in VR and allows threvigzion of augmented feedback
throughout the training process (Chapters 4 & b €&ffectiveness of the system to support
development of fine motor skills and transfer thekis to real operating environments has
been investigated through two experimental stu@@éspters 6 & 7).

In this chapter, the objectives of this thesisaddressed in the form of a discussion.
The design of the suggested training and its efecéss are argued with regards to the
findings of other research studies in section 8he objectives addressed by the
experimental outcomes are discussed in section Rrally, the discussion presents the
limitations of the VR training system and experitanstudies in section 8.3, making

recommendations for further research sequels inose@.4.

8.1 VR TRAINING

This thesis has also proposed a training toolkiicivhallows building training
programs that enable specifying the training taccheied out on the VR training system. A
training program enables defining the training rodth such as part-task and whole-task
training, to be followed during the VR training (fien 8.1.1). Moreover, augmented
feedback in the form of concurrent and terminal Wieaalge of Results (KR) and Knowledge
of Performance (KP) (Section 2.4.2) can be provided more effective motor skill training
(Section 8.1.2). As well, haptic force feedback wased to simulate haptic intrinsic

information in VR alike that perceived in real oping environments (Section 8.1.3).
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8.1.1 Training methods

Part-task and whole-task training methods have bweieely proposed to support
motor learning through VR training (Basdogan et 2004; Morris et al., 2006; Abate et al.,
2009; Wang, Y. et al., 2009; Gutiérrez et al., 20%0ebnukarn et al., 2010; Iwata et al.,
2011; Nishino et al., 2011; Rhienmora et al., 2@ung et al., 2011). A review of the current
state of the art of the application of those fundatal training methods to the context of VR

training has been proposed in section 3.2.

8.1.1.1 Part-task training

The part-task training suggested in this thesis iwapired by the progressive-part
integration of fractioned practices of angle andcdo skills which are performed
simultaneously in fine grinding and polishing tag&ection 5.1.1). Despite the fact that part-
task training has been frequently proposed to stppotor learning in VR on the basis of the
segmentation of sequential motor skills (Youngbledal., 2005; Aggarwal et al., 2009;
lwata et al., 2011, Luciano et al., 2012) and tingpification of task performance (Solis et
al., 2003; Williams Il et al., 2004a; Williams It al., 2004b; Aggarwal et al., 2006; Wang, D.
et al.,, 2006; Esen et al., 2008a; Esen et al., [20B@ata et al., 2011), to the best of the
knowledge of the author, the suggested part-tashkimng has not been implemented so far.
Therefore, this is considered to be an originakaggh for training concurrent motor skills in
VR. Moreover, in concurrence with other works (Eseal., 2004; Aggarwal et al., 2006; Eid
et al., 2007; Von Sternberg et al., 2007; Bhattlgt2009), it was also suggested to include a
gradual increase of the degree of complexity ofanobordination requirements through the
addition of a motion pattern in order to bring pautk practices closer to the performance of
the whole-target task. On the basis of findingSafa et al. (2005) and Srimathveeravalli &
Thenkurussi (2005) which have highlighted the caxpy of performing force and motion
skills simultaneously at an early learning stade, suggested part-task training aimed to
facilitate the successful development of the faaki#l at an early learning stage. Quantitative
results from experimental studies presented intelng® and 7 suggest that this kind of part-
task training was effective to learn angle anddaskills for fine grinding and polishing tasks.
However, it is difficult to compare these experiamesults with findings of other research
studies considering that no similar examples wewmd. Nonetheless, a comparison can be
drawn with those studies which have highlighteddfifectiveness of part-task training based

on segmentation and simplification methods. Expental results presented in this thesis are
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consistent with their findings. The effectivene$gart-task training was also supported by
the positive feedback provided by participants digimut both experimental studies. As some
participants stated,..training was good and my performance continuednbgprove, “...|

feel it very useful to maintain force, angle arajéctory..” and “With the training, my sense

and capability of doing the task are improved

8.1.1.2 Whole-task training

The whole-task training evaluated in this thesiasisted of an holistic approach of
the conventional training on fine grinding and pbing tasks. In concurrence with several
research studies (Moody et al., 2001; Johanessaln, @010; Kalltrom, 2010; Suebnukarn et
al., 2010; Rhienmora et al., 2011; Oren et al.,2200vhole-task training has been shown to
be effective to support motor skill training. Mowen, expert and non-expert workers gave
very positive feedback:1iked the simulatd¥”, “| liked the training on the simulatgr-... |
liked the learning method, it was very similar terforming the real task However, in
accordance with Utley & Astill (2008) and Coker (®), the suggested whole-task training
which involved several concurrent motor skills &iéved to be too challenging at an early
learning stage. Thus, previous development of mekilis through part-task training, as
proposed in experimental studies 1 and 2 (Chafieds 7), may be useful to guarantee

successful whole-task training.

8.1.2 Augmented Feedback

Augmented feedback in the form of KP and KR is déedd to be particularly
beneficial to enhance learning experiences (Sch@&idt/risberg, 2008; Utley & Astill,
2008). For this reason, it has been widely empldgesiipport motor learning throughout VR
training (Section 3.3). However, as noted in sec8®, both KP and KR have been regularly
associated with part-task training, whereas KR alloas been frequently provided in whole-
task training. In contrast, KP has been rarely eygd in whole-task training. A possible
explanation would be that whole-task training in ¥iRs to support task practice as in the
real world, where the focus is on task performamaéher than on the execution of each

independent motor skill.

1 1n the context of the demonstration phase of tlEWW/AR project, the termsfmulato?’ referred to whole-
task training.
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8.1.2.1 Knowledge of performance

The training toolkit enables managing the provis@nconcurrent KP throughout
part-task training. Concurrent KP was deliveredotigh real-time visual and audio
indicators, which provided feedback about angle famde skill accuracy with regards to a
reference of correctness. The effectiveness of wosiet KP throughout part-task training
was evaluated separately in a user evaluatiorcéesed out by the Human Factors Research
Group at the University of Nottingham (Langley ét, 2011). The results showed that
performance improvements of participants who reseivisual concurrent KP throughout
part-task training were significantly better whesmpared to those of participants who had
no feedback. However, no significant differenceseveeported between participants who
received concurrent KP in the form of audio infotima and those who had no audio
feedback (Langley et al., 2011). Therefore, in corence with Wang, Y. et al. (2006), these
results suggest that descriptive audio informatgwing concurrent KP is not always
effective to improve task performance. For thisscea audio concurrent KP was not added to
the design of part-task training in experimentatigts 1 and 2 (Chapters 6 & 7).

In both experimental studies, visual indicationagturacy of angle and force skills
throughout part-task training consisted of dialggsiand vertical bars on which the desired
range for the corresponding skill was indicatedc{®a 5.1.1.2). Several research studies
have provided similar concepts of visual notifioatiof motor skill accuracy with regards to
an indication of the target skill (Balijepalli & lsavadas, 2003; Solis et al., 2003; Esen et al.,
2004; Sewell et al., 2007; Esen et al., 2008b).

Participants from both experimental studies considi¢hose indicators to be “good
to learn the right angle and forte"... good for training, “... it is easier to understand how
much to press “... helpful for orientatioy and suitable as they indicated Where the
angle and force should be’..However, the guidance effect of such augmen¢ediback has
been suggested once:.With feedback it was ok, but without feedbackais Wward..”. Esen
et al. (2004) and Wierinck et al. (2005) considetteat the dominance of visual cues while
training led to a loss of concentration on the ttaptrinsic feedback and therefore hampered
motor learning. For this reason, concurrent KP saeduled throughout part-task training in
order to encourage participants to rely on theipticaintrinsic feedback. The resulting
scheduling has shown to be effective to supportomt#arning and participants provided
positive testimonies concerning its effectivenessTais is a good practice combined with
the unseen displays...
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The VR training system did not allow providing téemal KP throughout part-task

training, and neither concurrent nor terminal KRvimole-task training.

8.1.2.2 Knowledge of results

The VR training system allowed providing concurreRR in order to assist
performance throughout part-task and whole-taskitrg. In the context of this thesis,
concurrent KR is given through an alternative repn¢ation of task performance which aims
to provide real-time information feedback about st@us of goal achievement. Concurrent
KR has been frequently provided in part-task (Bpilli & Kesavadas, 2003; Von Sternberg
et al., 2007; Luciano et al., 2012) and whole-tagking (Johanesson et al., 2010).

In this thesis, concurrent KR in whole-task traghnwas provided through a colour
map indicator which depicted the status of taskmetion across the metallographic replica
area and aimed to inform about task progress dnetimne. Such augmented information was
appreciated by participants from both experimestiadlies to the extent thattie colour map
helps me to understand what | should do with tie&,tavhich area should be covered, and
how to maximize the coverage dtgea.. it shows the point in which you have to pdliahd
“The colour map is useful, you can check the woukaye performing and how you perform
it”. However, as for concurrent KP in part-task tmagn(Section 8.1.2.1), the guidance trend
of that kind of augmented feedback has been sugmielsy novice participants from
experimental study 1 (Chapter 6):.“l let the colour screen be the guiding deViaed “...
The colour was what mattered most and helped mputa less strong and more efficient
force (judging from the colour) towards the &nbh order to prevent the guidance effect of
concurrent KP in experimental study 2 (Chaptertf@, colour map was thus displayed on-
demand, making training more challenging. Overdle on-request concurrent KR
throughout whole-task training did not hamper mdearning. However, some negative
comments provided by non-expert workers, such .aydu don’'t know where you are
performing, so it is not easy to dd @nd “I didn’t know how it was working, it was blind
work. In contrast, in the real world you can seeatvjou are doing.’, tend to confirm the
findings of (Rodriguez et al., 2010) which suggdstieat on-demand augmented feedback
might not have the expected effect on the developmiemotor programs.

Concurrent KR has also been provided throughouttpak training, in the manner of
a real time indicator that provided information abthe remaining time for goal achievement

during the performance of training items. Similaigamented information was provided by
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Balijepalli & Kesavadas, 2003 in order to suppodton skill performance throughout part-
task training. However, although concurrent KR wesvided continuously throughout part-
task training, motor learning was apparently ndecéd as suggested by Wierinck et al.
(2005). Nonetheless, more investigation on thecefféthe suggested concurrent KR in part-
task training would be needed.

Terminal KR informs about goal achievement oncetthming has been completed.
Terminal KR provided in the form of visual and/ard@o information has been frequently
used in part-task training (Esen et al., 2004; Mk et al., 2004b; Bhatti et al., 2009; Iwata
et al.,, 2011) and whole-task training (Edmunds &, P808; Suebnukarn et al., 2010;
Rhienmora et al., 2011). In the part-task trainprgsented in this thesis, terminal KR
consisted of visual and audio information whichicated whether the item objective has
been achieved or not (Section 5.1.1.2). For whad&-ttraining, terminal KR was not
provided to participants. However, the VR traingygtem allows providing terminal KR in
the form of performance scores displayed by anuati@in system implemented on the
ManuVAR platform (Appendix C). Thus, expert metaists and trainees can assess
performance outcomes and learning curves for lastkst

The effect of terminal KR on motor learning has beén investigated in depth in this
thesis. Thus, on the basis of experimental resitltsan only be said that terminal KR

provided after each items of part-task trainingmid seem to hamper motor learning.

8.1.3 Haptic interaction

The VR training system was enhanced with hapticddieedback to support the
successful development of angle and force skilegptid force feedback allows simulating the
haptic intrinsic feedback perceived in the real ldioiThis has been demonstrated to be
profitable for motor learning in VR training (Moot al., 2001; Wagner et al., 2007) and
more particularly for the development of force kki{Panait et al., 2009). Moreover, the
effectiveness of motor skill training in VR has bheshown to be closely related to the realism
of the haptic interaction (Moody et al., 2001; Zbaat al., 2009; De Visser et al., 2011; Zhou
et al., 2012).

The haptic interaction suggested in this thesidksamanipulating a virtual precision
rotary tool, feeling its weight and the contact twhard metallic surfaces (Section 5.2).
Similar to Morris et al. (2006), the haptic intefan also includes the simulation of the
operating conditions of the virtual tool in the foof rotary vibrations and a tangential force
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expressed as a function of the exerted force omtterial surface (Section 5.2). Moreover,
Steinberg et al. (2007) and Rhienmora et al. (20#\e highlighted the effectiveness of
haptic interfaces to simulate contacts with hardfases. Thus, in this thesis, the
implementation of the suggested haptic interacti®rbelieved to be profitable for the
development of angle and force skills requiredrie fyrinding and polishing tasks.

Although the evaluation of the haptic interactioaswnot the focus of this thesis,
expert metallurgists provided encouraging commeatgerning the haptic sensations of the
virtual tool as “..it feels like holding the real tool, with vibratisand sounds

8.2 EVALUATION FRAMEWORK

Two experimental studies have been presented ntli@sis. Their purpose was to
evaluate the effectiveness of the VR training syiste support motor learning through part-
task and whole-task training, in order to estalirghexternal validity of the system.

Two initial hypotheses concerning the validity dfetVR training system were

presented in Chapter 1:

1. Hypothesis 1:The implementation of fundamental training methedsh as
part-task and whole-task training in the contexVBf training, along with the
provision of augmented feedback, is valid for tiragnthe fine motor skills that
are required in fine grinding and polishing tasks.

2. Hypothesis 2:The suggested VR training enables transferring tthaed

motor skills to real operating environments.

8.2.1 Validity of training

Hypothesis 1 was verified through four experimenkglpotheses which were

addressed by the experimental studies 1 and 2:

Experimental hypothesis Part-task training is effective in improving the

trainees proficiency performing angle and forcellskwith regards to the
requirements of the target task.

This hypothesis was addressed throughout both exeetal studies. In
the experimental study 1 presented in chapter Bpimeance of angle and
force skills required in a polishing task resultedbe significantly improved
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when participants went through part-task trainiNgvices became thus more
proficient throughout part-task training enablihgit knowledge on angle and
force skills to progress toward a more advancedestd motor learning. In

experimental study 2 presented in chapter 7, thipothesis was also
addressed for a fine grinding task. However, despite study had an
insufficient number of participants to allow perfong a statistical analysis of
the results, the pattern of results does seemdigdte that part-task training
effectively supports motor learning for both tasks.

Participants from both experimental studies prodigesitive comments
such as User performance is improved compared to the beggmf the
task which indicated that part-task training was péred as an effective way
of learning, as mentioned in section 8.1.1.1. Theseilts suggest that part-
task training was effective for the developmentnaitor programs that support
accurate performance of fine motor skills such aglea and force skills

required in both tasks.

Experimental hypothesis Rotor skills trained through part-task trainingica

be transferred to the performance of a whole-taigk simulated in a virtual
environment.

In experimental study 1, it was shown that motaliskrained through
part-task training can be successfully transfet@dhe performance of a
whole polishing task simulated in a virtual enviment. Even though, to the
best of the knowledge of the author, the effeciasnof the suggested part-
task training has not been reported yet througHitkature, the capability of
other types of part-task training to transfer maikitls to the performance of a
whole-target task in VR has already been highlighteough several research
studies (Aggarwal et al., 2006; Aggarwal et alQ20lishino et al., 2011). To
that extent, the effectiveness of the suggestetitask training is consistent
with that reported in these studies.

In experimental study 1, results suggest a cawdationship between
part-task training and effective performance of godishing task, claiming
thus for thenternal validity of the training. The internal validity refers toet

principle of cause to effect between the independanable controlled in the
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experimental study and experimental outcomes (cep@nvariables). To that
extent, the part-task training presented in thesithwas the cause for novice
trainees to efficiently perform the whole-targetka

In this thesis, this hypothesis has been verifiely @ the context of the
polishing task proposed in experimental study lusTlhe internal validity of
the training was achieved only for that task. Hogrewn the basis of results
presented in experimental study 2, the internatitglcan be also claimed for
a fine grinding task.

The transfer of motor skills from part-task traigito fine grinding and
polishing task performance was not investigatedexperimental study 2.
However, motor skills trained through part-taskinirag were subsequently
applied to whole-task training The trained motaliskvere thus transferred to
the performance of a whole-target task. Quantigagivaluation shows that the
transfer of the trained motor skills to whole-tartgsk performance was equal
or even superior in the case of fine grinding whempared to that of
polishing. Thus, on the basis of outcomes frometkgerimental study 1, these
results point out at the internal validity of ptatk training for a fine grinding

task.

Experimental hypothesis 3Whole-task training leads to a more efficient

performance of fine grinding and polishing tasks.

Although the training procedure followed in expesmal study 2 was
shortened in order to adapt to the duration ofdéeonstration phase of the
ManuVAR project and the availability of participantexperimental results
suggest that task performance tended to improwr afhole-task training.
These findings are consistent with those presemtexther research studies
(Moody et al., 2001; Fried, M. P. et al., 2005; Bugkarn et al., 2010; Oren et
al., 2012). However, in this thesis, it is believedat performance
improvements would have been better after a motensive whole-task
training. Indeed much previous research has higtdayhow task performance
Is considerably improved through multiple rehersal3/R training (Esen et
al., 2004; Fried, M. P. et al., 2005; Esen et 2008b; Suebnukarn et al.,
2010).
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Experimental hypothesis /R simulations are realistic representations of

industrial processes to the extent that the le¥alxpertise in real operating
environments can be applied to the context of V&ning. Thus, the VR
training system allows discriminating between ddf& levels of expertise.

In experimental study 2, the performance of noneexgvorkers during
the pre-evaluation of whole-task training was coragawith that of the two
expert metallurgists proposed by Tecnatom S.A. Expntal results revealed
that performance scores derived from the performanfcfine grinding and
polishing tasks were higher for expert metallugjishan for non-expert
workers. This suggests that the level of experdisguired in real operating
environments could be successfully applied to grégpmance of both tasks in
whole-task training in VR. Thus, the VR trainingsgm is valid for training to
the extent that it provides a realistic represémabdf performance outcomes
for both tasks allowing discriminating between axp&d non-expert workers.
This hypothesis has been therefore verified.

Many research studies, and not only those whicke havestigated the
effectiveness of whole-task training, have madaeralar comparison between
different levels of expertise in order to determtnewhich degree their VR
training systems were effective to simulate reialistocesses (Alhalabi et al.,
2005; Fried, M. P. et al., 2005; Aggarwal et aD0Q@&;Morris et al., 2006;
Aggarwal et al., 2009; Bajka et al., 2009; Kalltr6a010; Iwata et al., 2011;
Rhienmora et al. 2011). This has been commonlyrnexleto asconstruct
validity (Morris et al., 2006; Bajka et al., 2009; Kalltrp@010; Iwata et al.,
2011).

Construct validity refers to the degree to which giulations reflect
what has been measured, in this case, task penieamaf participants in
whole-task training on the basis of the level opextise in the real world.
Experimental results provide evidence of the castyvalidity of simulations
to identify expert and non-expert performers basedperformance scores.
These findings are thus in concurrence with thoseliss which have
established the construct validity of VR trainingt®ms based on whole-task
practice (Alhalabi et al., 2005; Kalltrém, 2010;i&mora et al. 2011).
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8.2.2 Validity of transfer

Hypothesis 2 has been verified on the basis ofirternal validity of the training
along with the construct validity of simulationsoposed through whole-task training,
allowing thus to suggest the external validity bé ttraining proposed by the VR training
system (Figure 76). As described in the introductid this thesis (Chapter 1), the external
validity of the system refers to its ability to egtively train motor skills which can be
transferred to real operating environments. Thuss assumed that if the system enables
training motor skills in a specific context whicbrsists of an accurate representation of the

reality, the system allows transferring those skitl the real world.

Figure 76. External validity of the VR training lealson the internal validity of
the training and construct validity of simulatigm®posed throughout whole-task

training.

On the one hand, the internal validity of the tiragnis a proof of the effectiveness of
part-task training to train and transfer motorIskib the performance of a whole-target task
in VR. However, those motor skills are not equinal® those performed in real operating
environments to the extent that suggested partttagking does not allow focusing on task
performance. For this reason, whole-task trainsigeiquired in order to enable bringing
motor skill training closer to reality. On the otH®and, the construct validity of simulations
proposed through whole-task training suggests thatVR training system provides an
accurate representation of the reality.

Hence, although the effectiveness of the VR trgraystem to transfer motor skills to
real operating environments has not been direcghjoeed as in Eid et al. (2007), Sewell et

al. (2007), Von Sternberg et al. (2007) or Oreale{2012), the capability of the system to
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train and transfer motor skills to a realistic peniance of a whole-target task in a virtual
environment pointed out at the external validitytlzdit system to transfer those motor skills
to real operating environments.

In experimental study 2, expert and non-expertiggpénts provided comments which
enabled exploring qualitatively the external vaiidof the training to the extent that they
opined about how the suggested training supportgmhearning and how it could improve
the current training (Appendix F). These commentBcate that the external validity of the
training is coherent with that evaluated objecivel

On the one hand, expert metallurgists have higtégjithe potential of the VR
training system to train motor skills commentingtthiThe potential is very godd®...it is a
good way to learn how to perform the stefs. good to learn the right angle and fofcand
“...useful to understand some points that we can teathe students On the other hand,
non-expert workers considered the training to bayliite useful for learning’. highlighting
that it enabled the successful development of msekifs as “It trains you in adapting
correct angle and force which drives you to thereor behaviour.”.and “User performance
is improved compared to the beginning of the'talsloreover, non-experts workers were of
the opinion that the suggested training wasniore accurate.’.“...very precise.”, and
“...easy to learn:, when compared to conventional trainindt s more complicated to
learn in the lab.

Furthermore, all participants agreed on the cometeary relationship of VR training
and conventional training mentioning that.it could be combined with the conventional
training”, “...both training in VR and real word are complemanta “VR training and
physical training are complementdry'It's good using VR as a complement to real world
training”, “VR training is complementary to real world training,”...it would be good to
combine VR training and real world trainih@nd “After the training received, it might be
more efficient to combine with the real world triaigi’, to the extent that the suggested
training allowed to ¥..cover some points that the traditional traininghoat. Finally, VR
training was perceivedASs an introduction.”, because :.it provides background and
knowledge to real world trainirigand “...you can use as a background before the real world
training” allowing to “...save yowsometime in the lab.

Opinions concerning the capability of the suggestgstem to train motor skills and
transfer those skills to conventional training segjghe external validity of the VR training

system. Moreover, the external validity evaluatadjectively is reinforced with statements
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which indicated the fidelity of simulations propdsehroughout whole-task training.
Effectively as mentioned in section 3.4, a high rdegof fidelity is believed to be an
important factor which supports the transfer of onatkills from virtual to real operational
environments also known as transfer of trainingexperimental study 2, expert and non-
expert workers provided comments which suggestedidielity of simulations as.:it makes
you feel that you are performing the real metalbgguic replicd, “...close to the real
situation you can think that it is like holding tieal tool...”, “The environment is very
good, “...it fits to the reality of the wotkand “...very similar to performing the real tdsk
Nonetheless, some of the non-expert workers whéopeed the fine grinding task also
commented the lack of fidelity of whole-task traigisimulations when the colour map was
withdrawn: ‘1t is annoying when performing the last task, imntcast when you are
performing in the real world you do have a visudda about how you are doihygnd “... the
lack of feedback is annoying because in the realdvbey can see the metal chanding
These comments are encouraging to the extent tlet tonfirm the fidelity of the
representation of task performance outcome on ¢l@ic map. However, in the course of a
polishing task in real operating environments, @a@nance outcome on the material surface
is not observable (Section 4.2.2.1). Thus, in tasecof a polishing task, the colour map
provided an additional assistance to the realinatid the task, supposedly lessening the
degree of fidelity of the simulation. Neverthelessthis thesis, it is believed that lowering
the degree of fidelity of simulations providing &dthal assistance is profitable to support
the transfer of motor skills to real operating eamments at early stage of learning. This is
contrary to those studies which have argued thgiidni degree of fidelity support higher

transfer of training (Section 3.4).

8.3 LIMITATIONS OF THE STUDY

In this thesis, a VR training system which aimedstpport motor learning for fine
grinding and polishing tasks has been designed dewkloped (Chapters 4 & 5). The
effectiveness of training through that system hasnbexplored in chapters 6 and 7. This
section reviews the limitations in the design, depment, and evaluation of the system.
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8.3.1 Design and development of the VR training system

The VR training system allowed simulating the perfance of fine grinding and
polishing tasks within virtual environments (Sent#®.1.2.3). However, the graphical realism
of simulations can be questioned (Section 8.3.1ThHose simulations relied upon an
interaction model (Section 5.3) which has been ikgcally defined by the two expert
metallurgists from Tecnatom S.A. (Section 5.4). Blbeless, that model presented some
incongruence which is discussed here (Section . 83.1

Finally, the suggested VR training was enhancedth Wéptic force feedback which
allowed interacting within virtual environments. Waptic device enabled manipulating a
virtual precision rotary tool and allowed emulatitige operating conditions of a real tool
(Section 5.2). However, the realism of the forcaagated when the tool disc contacted a
surface assumed a simplification of the haptic ghigra which is also discussed here (Section
8.3.1.3).

8.3.1.1 Task simulation

The lack of graphical realism of VR simulations dse limitation of this work.
Although graphical realism has not been extensivelyorted as a critical issue, it was
commented upon several times in both experimentadlies. Two participants from
experimental study 1 said that that the virtualiemment was a.".poor environmefitand
that it could be improved (Appendix E). Similarbgme participants from experimental study
2 pointed out that the virtual environment was regally poor, suggesting thagfaphics
need to evolve to a better quality.(Appendix F). Moreover, the perception of contact
through visual cues has been reported to be someteonfusing:”..it was complicated to
see where | was touchihgnd “l had some doubts if | was touching or not touchiing
pip€.

Some of the factors that may contribute to a pei@epof poor graphics quality
include: poor lighting conditions, absence of shadoes within the virtual environment and
the lack of simulation of deformable objects sushttee tool disc when being pressed on a
material surface. Furthermore, the absence ofageopic visualization and point of view
tracking in experimental study 1 (Chapter 6) isidvadd to lower the realism of virtual

environments (Deering, 1993).
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8.3.1.2 Parameterization of the interaction model

The interaction model encompasses the model ofacordf the tool disc on the
material surface along with the ranges for angkk fance skills specific to fine grinding and
polishing tasks. The parameterization of the mdued followed a heuristic methodology
(Section 5.4). The resulting interaction model wakjective and therefore questionable.

The model of contact of the tool disc on the matesurface has been determined in
the form of a ratio on the basis of measurement®imeed on a series of images. Each image
showed the tool disc contacting with the matenafacce when specific angle and force were
applied on the tool (Section 5.4.1). The measurésneonsisted of visually estimating the
ratio of the diameter of the tool disc in contaattmthe material surface. Thus, a degree of
uncertainty in measurements can be logically asdumd@reover, the exactitude of exerted
forces and applied angles announced by expert longgigts for each image is relative.
Applied angles were approximated. Similarly, experetallurgists supposedly exerted
controlled forces on the tool, but those forcesemeot measured. Thus, the accuracy of
exerted forces could not be guaranteed. This coald possible explanation for a noticeable
incongruence of the model of contact when the exefbrce was supposedly close to the
permitted maximum exertable force and the inclorabf the tool about 10° (Section 5.4.1).

The definition of ranges for motor skills was penfi@d throughout a unique trial
session during which angle and force data relatethé performance of fine grinding and
polishing tasks were collected (Section 5.4.2).ibythis trial session, expert metallurgists
were required to operate on a specific surface aiirtual precision rotary tool controlled in
position and orientation by a Phantom Desktop bajsvice (Appendix A).

The process followed for the definition of rangeslioth skills can be considered as a

limitation of the research study in the extend:that

1. One of the experimental studies (Chapter 6) wasluctied using a different
haptic device through which haptic sensations weost probably perceived
distinctly (Section 8.3.2.2).

2. The surfaces on which the evaluation of the VRnirgy system was carried
out (Chapters 6 & 7), were oriented differently gared to that of the trial
session. Thus, angle and force data collected glthia trial session could be

argued to be specific to that case.
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8.3.1.3 Haptic interaction

Realistic simulation of forces resulting from thentact of the virtual tool on the
material surface is complex. In the real world, tbel disc contacts the material surface in
multiple points. However, in the simulations, tltaintact was rather different. The haptic
interfaces employed in this study consisted of puadcinter-actuators (Appendix A). The
contact model proposed by default by the manufacttwnsists of a one point-based contact.
Therefore, contact was only perceived in a poicated in the centre of the tool disc.

Such contact was considered to be sufficient tontr@ngle and force skills.
Nonetheless, there was a discrepancy between wiiéd be seen and what could be felt.
Effectively, although the tool disc collided withet material surface, contact could not be felt
until half of the disc had penetrated the matesiaface. Thus, the collision of a point located
at the edge of the disc with the material surfadendt generate any haptic response.

Visualization and haptics are considered to be wenyortant components of VR
simulations as each of these cues complements athen (Steinberg et al., 2007). The
discrepancy between visual and haptic cues has tegmmted as a lack of realism of the
haptic interaction in experimental study 1. Seveaticipants reported thatt‘was hard to
see why | did not touch the pipe/ make contact witkspecially as it felt | was touching it
suggesting that the contact of the tool disc onniagerial surface was somehow confusing
(Appendix E). Nonetheless, most of those partidipamere not familiarized to the haptic
interaction. Similar comments have been made ineex@ntal study 2: ..it was
complicated to see where | was touchiiagd “I had some doubts if | was touching or not
touching the pipe(Appendix F).

8.3.2 Evaluation of the VR training system

The validity of a VR training system has been wvedfthrough two experimental
studies in which the effectiveness of a traininggoam to support motor learning has been
evaluated (Chapters 6 & 7).

This thesis has proposed a training toolkit whinhldes building training programs.
However, the effectiveness of a single traininggpao has been tested and findings have
been generalized to the VR training system.

This section proposes a critical analysis of theeexnental studies presented in this

thesis and points out at the limitations of expernital methods.
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8.3.2.1 Participants Sampling

One limitation for both experimental studies was gampling of participants. In
experimental study 1, an a-priory G-power analysisANOVA designs (Faul et al., 2007)
has predicted a minimum sample size of 30 partitgpdusing = 0.05 as a standard of
accuracy. All participants werestaff and students at the University of Nottinghdrney were
all recruited on the basis of their availabilitydawillingness at the time of the study. This
sampling method consists of convenience samplingora probability sampling technique
(Gravetter & Forzano, 2011). Convenience samplggrobably used more than any other
sampling methods because it consists of an eas@rexpensive and quick sampling
process. However, convenience sampling is usualhgidered as a weak form of sampling
as it does not guarantee the representativenegee cfample. In the experimental study 2,
participants were few technical workers and the texpert metallurgists proposed by
Tecnatom S.A. The small amount of participants evdgal as it did not enable conducting a
statistical analysis of experimental data (Sec#oB.2.1). Such few participants could be

argued to be unrepresentative of the metallurgisker population.

8.3.2.2 Experimental setup

The distinct experimental setups which have been urs both experimental studies
could be a limitation to the conclusion drawn foe validity of the VR training system.

First, visualization setups were different in expental studies 1 and 2. In
experimental study 1, simulations could only beuglzed monoscopically and participants’
point of view was not tracked. This last point liee®n reported as an issue by one of the
participants of the study:..the angle of view onto the display when stagdivas not goct
In contrast, in the experimental study 2, partioigacould visualize virtual environments
stereoscopically with their point of view beingdkad.

Secondly, as mentioned in section 8.3.1.2, diffeheptic interfaces were employed
throughout this work. Force effects specific to thagtic interaction proposed by the VR
training system such as the weight of the virtuacjsion rotary tool, effects of contact,
rotary vibrations and tangential forces (SectioB) Svere configured by the two expert
metallurgists of Tecnatom S.A. with a Phantom Deshitaptic device. In experimental study
2 (Chapter 7), the haptic device was similar ta gmployed by the two expert metallurgists
for the configuration of force effects. Therefdi@ce effects could be perceived as they were

configured. However, in experimental study 1 (Ckam), a different haptic device was

211



Motor Skill Training using Virtual Reality and Haptnteraction - A case study in industrial mairgane

employed: a Phantom Omni which was the only dewcailable at the study site. The
Phantom Omni haptic device is not as advanced enwarae as the Phantom Desktop device
(Appendix A). Thus, force effects may have beerc@ged differently when compared with
those defined by the expert metallurgists. Moreptrer effect of VR training on force skills
could be argued to be limited by the technical bdipa of the Phantom Omni haptic device
to render high forces (Appendix A).

8.3.2.3 Experimental design

In this research, fine motor skills have been ppsadtin order to support motor
learning. Those skills also aimed to be transfeteethe performance of a whole-target task
simulated in a virtual environment and to real afiag environments. A first limitation of
experimental designs was that motor learning wasddiately assessed after VR training.
Thus, it could be argued that experimental studidg demonstrated the effectiveness of the
VR training system to support short-term motor méag. Different training procedures would
have been required to investigate long-term maamiing (Yang et al., 2008).

Other limitations consist of the training desigansggested in both experimental
studies. In experimental study 1, part-task tragjriias been designed according to outcomes
of a pilot study which involved few participantsoh&theless, the representativeness of those
participants could be discussed to the extent sbate of the participants of experimental
study 1 who received part-task training questiofedresulting training design and suggested
alternative design features such astfaining longer time, training sessions of 15sesrev
too short and “...to improve upon accuracy, there could have b&maller session after
each task to focus on improving small things sulmaintaining the correct force or how to
improve on keeping the angle constaMoreover, several participants reported fatigdier
completing part-task training. These findings ssige that the part-task training design was
not optimal. However, it was sufficient to demoastr the principles underlying to the
suggested training.

Moreover, the scheduling of the concurrent augntefeedback throughout part-task
training could also be considered to be weak whempared to that proposed in other
research studies (Rodriguez et al., 2010).

In experimental study 2, training procedures pregofor part-task and whole-task
training were limited by the availability of the ntaipants and the duration of the

demonstration phase of the ManuVAR project (Apperd). Both types of training were
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therefore drastically shortened to a few rehearsafsthe one hand, part-task training led to
satisfactory results. On the other hand, the amotmthole-task training was apparently not
sufficient to support meaningful improvements ire therformance of fine grinding and
polishing tasks. However, it was sufficient for teealuation of the construct validity of
simulations.

Concurrent augmented feedback has shown to beivao$ir motor skill training.
However, the effectiveness of the method of provisof that augmented feedback during
whole-task training can be discussed. For instaRogriguez et al., (2010) highlighted that
augmented feedback was more effective when prova@omatically as a function of
trainee’s performance.

Moreover, the colour map adapted to colour blindgbe (Section 5.1.2.2) was not
implemented at that time. So, the colour blind ipgrant was provided the default colour
map. This is controversial to the extent that tletipipant was not able to distinguish a
specific range of colour.

Another limitation was that the effectiveness oé ¥R training system to transfer
motor skills to a real operating environment cootit be directly explored but was rather
suggested through the internal validity of thentirag and the construct validity of whole-task
training simulations. The lack of technical resasrampeded to evaluate transfer of training

in a real operating environment.

8.3.2.4 Data analysis

In the experimental study 2 (chapter 7), the ctdl@éauantitative data could not be
statistically analyzed because of the limited numifeparticipants involved in the study
(Section 8.3.2.1).

8.4 RECOMMENDATIONS FOR FUTURE STUDIES

More developments are needed to improve the VRibtgisystem in order to support
motor learning (Section 8.4.1). In addition, motadses are required in order to further
investigate the development of fine motor skills fbe performance of fine grinding and

polishing tasks and the transfer of those skilleetd operating environments (Section 8.4.2).
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8.4.1 Recommendations for further developments

Further implementations in the VR training systemowdd focus on improving the
realism of simulations. The realism of virtual eviments could result strongly enhanced by
more realistic audio cues, for example by usingabial sounds (Katz & Picinali, 2011),
improved graphical realism including lighting cotioins along with object shadow casted on
surfaces (Nikolic, 2007) and the representationlgéct deformation such as that of the tool
disc when being pressed on the material surface.

However, the optimization of interaction model mbstconsidered as a priority. The
model of contact of the tool disc on the matenaface needs to be more accurately defined
in order to enable even more realistic simulatiddsring the definition of the model of
contact, applied angle and exerted force must loerately controlled. For instance, the
exerted force could be measured with a force sessan Sewell et al. (2007), in order to be
adjusted at the correct value before image capture.

The haptic interaction needs to be investigatedenmodepth. The contact of the tool
disc with a material surface could be improveahibuld not be limited to a unique point. As
in real task performance, performers should be &blperceive contact through the whole
surface of the tool disc. A virtual disc which siees the tool disc could be used as haptic
cursor instead of the default contact point. Tedpthe development of the haptic interaction
will most probably require migrating completely tas low level programmable interfaces
such as HDAPI (http://www.sensable.com).

8.4.2 Recommendations for further research

Further research aiming to investigate the validityhe VR training system should
consider a larger sample of participants with saamitharacteristics as those involved in
experimental study 2. The participants should Baraple of the technical worker population
able to perform the metallographic replica techaigiurthermore, participants could be
distributed into several sub-groups as a functibriheir level of expertise. Thereby, the
effectiveness of the VR training system to suppootor learning could be tested at several
stages of learning so the construct validity of thleole system could be more clearly
established. Many research studies have investightecapability of VR training systems to
make the distinction between several levels of digee(Fried, M. P. et al., 2005; Wagner et

al., 2007; Aggarwal et al., 2009; Iwata et al., 201 The most appropriate sampling
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technique corresponding to the proposed model waaldsist in a stratified sampling
technique (Gravetter & Forzano, 2011). Howeverthgang a population of technical
workers of various levels of expertise from whichaege sample of participants could be
extracted may be hard to achieve. Therefore, fudtudies could maintain similar sampling
techniques as those employed in this work, but ratistnpt to increase participants sample
size in order to proceed to statistical analysiexgferimental data.

Further experimental studies should also avoidithiations of experimental designs
presented in this discussion (Section 8.3.2.3)deoto better establish the validity of the VR
training system. A preliminary study should be emrout to explore most appropriate
designs for part-task and whole-task training. Meez, the scheduling of augmented
feedback must be investigated in order to optintize development of accurate motor
programs through both training methods. Furthermtire findings of a preliminary study
would consist of a useful guideline for the desifeffective training programs.

Further experimental studies should investigatevielity of the VR training system
to support short-term and long-term learning byppsing different training procedures
similar to those suggested by Mononen, 2007 andyYatnal., 2008. As well, transfer of
training from virtual to real operating environmertould be attempted to be quantified
following the method proposed by Roscoe & Willigg®980). However, to do so, task
performance should be objectively assessed iropsahting environments.

8.5 SUMMARY

This thesis has presented and evaluated a VRrigasystem which aimed to train a
set of fine motor skills that are required in tiveefgrinding and polishing tasks carried out
during the metallographic replica technique. Twperkmental studies have been performed
in order to investigate whether the VR trainingtegs is valid for training motor skills in the
suggested context and transferring those skilisaboperating environments.

The validity of the VR training system to train raposskills has been established on
the basis of the internal and the construct validitthe system. On the one hand, the internal
validity of the system has been achieved showirgctpability of the system to enable the
successful development of the trained motor skilleughout part-task training procedure
and to transfer those skills to the performanca whole-target task in a virtual environment.

On the other hand, the construct validity of thetesn has been highlighted demonstrating
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that the system is able to provide an accurateesgmtation of the reality through whole-task
training, enabling thus discriminating between salMievels of expertise.

The external validity of the VR training system gopport transfer of training has
been established on the basis of the internal hadconstruct validity of the system and
strengthened by the analysis of subjective datdeatedd throughout both experimental
studies.

Although the suggested VR training system has shiovwbe effective for training the
fine motor skills that are required in the perfonoa of fine grinding and polishing tasks,
more developments and investigation are neededder ¢o improve the functionalities of the

system and quantify transfer of training.
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Appendix A. Technical

Specifications of Haptic Devices

Haptic technology enables real-time three-dimeraigoroprioceptive interaction
within virtual environments (McLaughlin et al., 200 Haptic interaction relies on force
sensory information provided by a haptic devicejclwhcontributes in enhancing the way
users interact within virtual environments (Markaét 1996).

In the research presented in this thesis, two tapterfaces from the Phantom
product line (Massie &  Salisbury, 1994) of Sensabldechnologies
(http://www.sensable.com/) have been employedpPim@ntom Desktop and Omni which are
two affordable solutions for the haptic interactionvirtual environments (Figure 77). The
Phantom devices consist of punctual inter-actuattiish in their default version use a stylus
handle attached to an end-effector (Hayward et28l04). These interfaces are impedance
devices (Hannaford & Okamura, 2008) which sense pbsition of the end effector
controlled by the operator on 6 DOF input and gateeforces in order to constraint the
motion on 3DOF output. The Phantom Desktop is nacreirate and can render higher forces
than the Phantom Omni.

Table 19 provides a comparison of the technicatifipgies of both haptic devices.

218



Appendix A. Technical Specifications of Haptic Des$

Figure 77. (a) Phantom Desktop device and (b) Pinai@mni device from
Sensable Technologies.

Sensable Technologies also proposes software @adutdr haptic interaction such as
the Software Development Kit (SDK) OpenHaptidsolkit.

The OpenHaptias Toolkit (currently at the version 3.0) has beeredudor the
implementation of the haptic interaction presentethis thesis. It consists of a C++/Open
GL-based library which supports the haptic rendgrinrough multi-thread programming.
Basically, the OpenHaptics Toolkit enables exegutah high frequency the sensing of the
position of the end effector of the haptic devisedito calculate the generated forces. Such
execution runs on a servo loop thread at a minimtiml KHz.

The OpenHaptias Toolkit presents a three-layer architecture: Haptevice API
(HDAPI), High Level API (HLAPI) and QuickHaptics APThe implementation of the
suggested haptic interaction consists of HDAPI &fidAPl-based programming which
provides low-level and high-level access to thetibagevice driver. The HDAPI enables
direct rendering of forces effects and allows ttmplementation of customized force effect
such as those to simulate the operating conditdrtbe portable power tool (Section 5.2).
The HLAPI is built upon HDAPI. It offers several mmands to setup the rendering of
common force effects such as stiffness, dampingtidn, dynamic friction, viscosity and
many more. Moreover, HLAPI provides three pre-impdated threads: The client thread
( 30 Hz) which supports the rendering of haptic oigjethe collision thread (100 Hz)
which supports the collision detection and the edoop thread (1 KHz) which handles the

sensing of the position of the haptic device arab&s rendering force effects.
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Table 19. Technical specifications of Phantom Degskind Omni devices.

#&' ( #&' "' (
(

Force feedback workspace > 160 W x 120 H x 120 D> 160 W x 120 H x 70 D
mm mm

Range of motion Hand movement pivoting at wrist tHamvement

pivoting at wrist

Nominal position resolution > 1100 dpi > 450 dpi
~0.023 mm ~0.055 mm
Backdrive friction <0.23 0z (0.06 N) <1 o0z (0.Xp
Maximum exertable force at nominall.8 Ibf. (7.9 N) 0.75 Ibf. (3.3 N)
(orthogonal arms) position
Continuous exertable force (24 hrs.) 0.4 Ibf. (IN)5 > 0.2 Ibf. (0.88 N)
Stiffness X axis >10.8 Ib/in (1.86 X axis > 7.3 Ib/in (1.26
N/mm) N/mm)
Y axis > 13.6 Ib/in (2.35 Y axis > 13.4 Ib/in (2.31
N/mm) N/mm)
Z axis > 8.6 Ib/in (1.48 Z axis > 5.9 Ib/in (1.02
N/mm) N/mm)
Inertia (apparent mass at tip) ~0.101 Ibm. (45 g) ~0.101 Ibm. (45 g)
Force feedback X, Y, Z
Position sensing X, Y, z (digital encoders)
[Stylus gimbal] [Pitch, roll, yaw (+ 3% linearityopentiometers)]
Interface Parallel port and FireWireRIEEE-1394 FireWire® port
option
Supported platforms Intel or AMD-based PCs InteAMD-based PCs

Application Programming Interface ~ OpenHaptics® kitol

Source: http://www.sensable.com/documents/docurt&nts]an2009_DesktopOmniComparison_print.pdf.
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Appendix B.

Visualization and Tracking Technology

In the specific case of manipulation in virtual Bamments, the perception of depth is
a decisive factor. This section aims to provide kiggmund knowledge to the reader
concerning visualization mechanisms that suppartpirception of depth (Section B.1) and
display technologies used in the experimental studghapter 7) which enabled perceiving

depth in virtual environments (Section B.2).

B.1 PERCEPTION OF DEPTH

The perception of depth in virtual environmentsutissfrom the computation of a
series of information cues by the human visual esystvhich enables building a three-
dimensional mental model of the virtual scene. Sahéhese cues provide binocular and
oculomotor (Section B.1.1), and motion parallavatetl information (Section B.1.2) which
are respectively supplied through stereoscopiclalsgSection B.2.1) and point of view
tracking (Section B.2.2).
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B.1.1 Binocular & oculomotor cues

The human visual system is able to perform compdeks such as simultaneously
processing two visual stimuli received from botlegyand generating a three-dimensional
mental model. This mechanism is known as stereausisit refers to the visual system
capacity of computing coherently two monocular algnin order to create a three-
dimensional representation of an environment. Spmis has demonstrated to plays an
important role in the perception of depth in themand mid-fields (Nagata, 1993) as in
virtual environments (Poyade et al., 2009).

Stereopsis depends on binocular and oculomotohders (Pfautz. 2002). Binocular
depth cues refer to the depth sensation perceiyaddans of the processing of the slightly
different retinal images of both eyes, resultingnirthe human eyes horizontal separation. It
is commonly assumed that human eyes separationrkaswhe average interocular distance
is about 6,3cm (Dodgson, 2004). Oculomotor depts@omprise the sight accommodation
and convergence processes (Pfautz. 2002).

In stereoscopically displayed virtual environmetisocular depth cues are supplied
by providing to each eye, its corresponding poiftvew. Eyes accommodation in
oculomotor depth cues is usually neglected (PfaR@2) and convergence is naturally
performed at the viewing distance. Figure 78 shdww depth is perceived in virtual

environments on the basis of the mechanisms encsegan the stereopsis.

Figure 78. Perceived depth in front of and behivdisplay panel as a function

of the representation of binocular cues and eyasargence.
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B.1.2 Motion parallax cues

Motion parallax cues provide depth information doied from the relative
displacement between objects located at differepthd subsequently to movements of the
point of observation (Wanger et al., 1992).

B.2 DISPLAY TECHNOLOGIES

In experimental study 2, virtual environments weisplayed stereoscopically and the
point of view of participants was tracked which leled providing additional depth

information.

B.2.1 Stereoscopic display

Many research studies have demonstrated the adwmntaf using stereoscopic
visualization in virtual environments (Kim et al987; Rosenberg. 1993; Bouguila et al.
2000; Alexander et al. 2003). Stereoscopy providesoteworthy improvement of depth
perception in a very realistic way (Holliman. 2008)tensifying perception of surfaces and
materials (Pfautz. 2002), but also, facilitatingatsgl localization and navigation.
Stereoscopic visualization has shown to enhanceracyg throughout manipulation tasks in
virtual environments (Kim et al. 1987).

Binocular depth cues (Section B.1.1) were supplgda polarized 3D system
composed of two projectors which superposed the di®oeopsis viewpoints on the screen
through circular polarization filters of oppositextrorotatior”.

Virtual environments could be visualized througlpar of glasses equipped with
circular polarized filters mounted in reverse. Egtdsses crystal enabled filtering light with
a particular type of circular polarization: clockse or anti-clock-wise (Figure 79). Such
polarization allows head inclination without didiimg the perception of the virtual

environment.

15 Definition from Merriam-Webster (http://www.merriawebster.com):

dextrorotation: right-handed or clockwise rotatissed of the plane of polarization of light
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Figure 79. Polarization of light on each glass t&lys

B.2.2 Point of view tracking

The tracking of the point of view enables providiaddition depth cues through
motion parallax-related information (Section B.1.Zhe tracking of participants point of
view in the experimental study 2 (Chapter 7) waspsuted by the Optitrack Tracking Tool
from Natural Point (http://www.naturalpoint.com).p@rack Tracking Tool consists of a
software package which enables tracking infrargtitlireflective markers in position and
orientation on 6 DOF. Tracking of a marker is perfed with set of infrared light emitted

cameras that are synchronized between each otiger¢F80).

Figure 80. Example of tracking of a marker using tR light emitted cameras

Cameras are arranged so their viewing frustum apsrand define a capture volume
within the tracked area (Figures 81 & 82). In thgeximental study 2 (Chapter 7), 6
Optitrack V100:R2 tracking cameras were employadtifacking the point the view of the
performer. Technical specifications of the Optikatl00:R2 Camera can be found at the

manufacturer website (http://www.naturalpoint.coptitbpack/products/v100-r2/specs.html).

224



Appendix B. Visualization and Tracking Technology

By default, the Optitrack V100:R2 is equipped withens which has a horizontal angle of
view about 46°. Figure 82 presents a possible geraent of cameras around the tracked

area.

Figure 81. Volume capture composed by 4 cameras

(http://www.naturalpoint.com).

Figure 82. An Optitrack V100:R2 Camera in a 12 camsetup mounted on
stands (http://www.naturalpoint.com).
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In the experimental study 2 (Chapter 7), four irdtalight reflective markers were
clustered on a pair of passive stereoscopic glg&esgion B.2.1) in order to form a unique

set of markers that was recognized by the systegur@ 83).

Figure 83. Passive stereoscopic glasses equippdd aveet of infrared light
reflective markers that form a unique rigid body flee tracking of the point of

view.

The Optitrack Tracking Tool enables streaming tiragkdata in real-time over a
network in order to be used in other applicationshsas a VR visualization interface, for
instance the 3DVia Virtools 5.0 VR Player. Trackidgta streaming is ensured by the
industry standard Virtual-Reality Peripheral NetwdWRPN) which consists of a set of
classes that define a server/client architecturewprovides a network-transparent interface
between applications and VR interfaces such akitrgaclevices (Taylor Il et al., 2001).

In the experimental study 2 (Chapter 7), the QOgutkr Tracking Tool provides a
VRPN server which enabled streaming tracking dateeal-time to the 3DVia Virtools 5.0
VR Player. A VRPN client for tracking service is ptamented by default in the 3DVia
Virtools platform. Thus, the viewing camera in uat environments proposed in the study
could be updated according to the participant’sipoi view.
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Appendix C. ManuVAR

C.1 THE MANUVAR PROJECT

ManuVAR (Manual work support throughout systemdyfele by exploiting Virtual
and Augmented Reality) is a Seventh Framework Eaopproject that ran from 2009
through 2012 and involved 18 partners across 8 tdesn (http://www.manuvar.eu/).
ManuVAR aimed to demonstrate that virtual and augpeck reality technology (VR/AR) to
support high value high knowledge manual work tigimut the product lifecycle is an
opportunity to improve the competitiveness of Eldustries (Krassi et al., 2010a, Krassi et
al., 2010b, Krassi et al., 2010c). ManuVAR proposeed development of an innovative
technological and methodological framework whicimed to support high value high
knowledge manual work throughout the whole proditetycle.

Five working groups (clusters), in which a stromfjaboration between industrial and
research partners was established, have consalidateeral industrial use cases for which
high value high knowledge manual work-related issumeeded to be resolved. These
industrial use cases presented a homogeneou$digin across the product lifecycle (Figure
84) in various fields of activity such as:
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1. Cluster 1. Satellite assemb- VR/AR assisted procedure compliance
aerospace component assembly clean rc

2. Cluster 2: Assembly line arSmall and Medium EnterprisSME) - Low cost
VR systems for improving assembly lines in S\

3. Cluster 3: Remote maintenanc- VR/AR-enhanced remote line
maintenance support in the railway se«

4. Cluster 4: Power plant- The Metallographic Replica: Use of VR {1
improving training on nondestructiinspection technique.

5. Cluster 5: Heavy machiner- VR/AR in large machine assembly a

maintenance.

Cluster 5
AR workar aid in
productization

Clustar 1
AR application for

orline testingand Cluster 1
integration I

o " .
ey VR applicafion for
— g offlinz integration
. evaluation and testing

Cluster 2
MF: design and testing of
virtual or existing
process

b, Clustard
| AR navigation and
monitoring of existing

Cluster 4
VR Plarning tool for
Matallographic Replica

Cluster 3
AR remote access to
exisfing data

Cluster 3
AR remote support/
maintenance and
video based info

VR/AR Assembly
Sequence Review with
Ergonomic analysis

Cluster 4
VR metallographic
replica trainer

Cluster 4

Metallographic replica
knowledge

management

Cluster 5
AR mainlenance
instructians from VR

W :

S L
Figure 84 Distribution of industrial cases across the MaA&/product lifecycle
management model (PLM) with the product lifecyobedted on the extern

layer (Courtesy oManuVAR consortiur).

Severalindustrial use cases were prioritized in orderdbreé a sample of cases to
implemented which demonstrated that the ManuVARtf@liam can effectivelysupport
manual work across the product life cycThose industrial use cases with higher degre

priority for each cluster ardetailec below:
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Cluster 1: VR application for off line integratiamd testing.
Cluster 2: MR design and testing of existing otuat production processes
Cluster 3: AR Remote Support/Maintenance and viokesed information.

Cluster 4: VR metallographic replica trainer.

a kr 0N e

Cluster 5: VR assembly sequence review with ergoa@amalysis.

The work presented in this thesis supports thesimh use caseVR metallographic
replica trainer’ (Figure 84) which was consolidated by the clugteromposed of Tecnatom
S.A. and University of Malaga in collaboration withe Association for the Advancement of
Radical Behavior Analysis (AARBA) and the Human féas Research Group from the
University of Nottingham. This industrial use cgseinted out at the limitations of the
conventional training of the metallographic replieahnique. It aimed among other things, at
the implementation of motor skill training on theaMuVAR platform for fine grinding and
polishing tasks in order to enable solving transfied assessment issues of the conventional

training.

C.2 THE MANUVAR ARCHITECTURE

The architecture of the ManuVAR platform is modulirproposes a set of generic
components organized in a series of layers (Figdne The first component is the Virtual
Model (VM) which is considered as the core of th@ndVAR architecture. The VM
provides semantic references of information starecdne or various PLM repositories
(Figure 85). It enables linking all actors (workei®ols, products) to a semantic aggregation
of information in the form of models, processes] aimulations that describe the system in
evolution throughout the product lifecycle (Krassal., 2010c).

The second component is the Application Tool (AHick gathers a set of elements
which consist of interchangeable methodological seahnological solutions and provides
specifically designed services in order to solvghhvalue high knowledge manual work-
related issues in one or several industrial useescd&igure 85). AT orchestrates the
communications between all technological componeoitsmected to the ManuVAR platform.
AT accesses to the VM with a set of applicationejmehdent functions provided by the
access layer (Krassi et al., 2010b, Krassi ef@ll0c).

Throughout the ManuVAR project, six ATs were depeld. Four ATs provided
dedicated services to the high value high knowlegig@ual work presented in prioritized
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industrial uses (Section C.1) whereas two othepp@i ManuVAR platform management-

related services. These ATs are detailed below:

. Delivery of work instructions - (real-time) On-sitesupport of

integration/assembly and/or maintenance which d@msnprove high value
high knowledge manual work by providing support viorkers based on
instructional techniques in virtual environment ralsj and remote

communication between operators and experts expert.

. Ergonomics evaluation: (real-time) - Ergonomics lgsia and workplace

design which aims to improve workplace design gyviemphasis to

ergonomic issues to which operators may be cordrbnt

. Task planning and analysis - aims to improve wagykinocedure description,

design and validation using virtual or mixed rgaéthvironments.

. Training - Training and performance evaluation wh&ms to improve high

value high knowledge manual work proposing procadand motor skill
training based on performance evaluation and apw@tep information

feedback to the user(s).

5. VM database editing tool which supports the offletkting of the VM.

6. Platform services which is part of each instancehef ManuVAR platform

and supports the User Specific Logic (USL) whichhgists of platform
management-related services such as authenticapoocedure and

accessibility to information referenced in the VM.

A third component of the ManuVAR architecture i® tdser Specific logic (USL)

which performs a series of service operations #wdble the use of the ManuVAR

components to support high value high knowledgeuabawork in a specific industrial use

case. Service operations consist of:

230

. User authentication management.

. Management of ATs for a specific industrial useec@®e or several ATs can

be required).

. Management of the workflow for the specific usetivaty. The USL offers a

Graphical User Interface (GUI) which enables a useinteract with the

system components.
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Figure 85. The ManuVAR components for a specifaustrial use case
(Courtesy of ManuVAR consortium).

C.3 APPLICATION TOOL - TRAINING

The work presented in this thesis has requiredinif@ementation of motor skill
training on the ManuVAR platform. The AT providitigaining and performance evaluation
services has been employed in order to providetent#dogical and methodological solutions
to the issues that arise throughout the trainingthef metallographic replica technique
traditionally carried out. As mentioned previoudligat AT proposes a set of technological
and methodological elements which enable procedraiming on the metallographic replica

technique and motor skill training on fine grindiagd polishing tasks (Table 20).
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Table 20. Methodological and technological elemgmigposed by the AT in
order to support procedural and motor skill tragnim the context of the

metallographic replica technique.

Procedural training
Methods Technologies
Precision Teaching Visualization element (version 2D)
Lesson Runner (including Performance Analyzer)

Motor skill training

Methods Technologies

Part-task training  Visualization element (version 3D)
Lesson Runner (including Performance Analyzer)
Haptic server

Whole-task training Visualization element (version 3D)
Lesson Runner (including Performance Analyzer)
Haptic server

The effectiveness of the suggested procedural amtrnskill training is based on
performance evaluation and the provision of feeklbtc the user(s). The AT performs
mathematical calculations to support performanaduation throughout both procedural and
motor skill training (Sections C.3.1 & C.3.2), arthndles communication between

technological components (Section C.3.3).

C.3.1 Procedural training

Procedural training is based on the Precision Tiagctwhich consists of basing
educational decisions on changes in continuous-rseliitored performance frequencies
displayed on standard celeration chdr{&indsley, 1992). Procedural training is perfomne
through a 2D Graphical User Interface (GUI) displdyy the visualization element (Figure
86).
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Figure 86.The GUI for the procedural training ire tManuVAR platform (the
trainee is required to click on the picture whi¢tows the tool and the abrasive

accessory required to remove the oxide scale darmogigh grinding task).

A training session is composed of a set of trainiems. In each item, the trainee is
given a limit of time to answer a multiple choiceegtion by selecting the most plausible
pictorial response or by writing it. Questions danrelated to the performance of one of the
steps of the metallographic replica technique,grarénce outcome evaluation and material
surface preparation. The elapsed time during aitrgiitem is indicated by a progression bar
located on the right side of the GUI (Figure 86).

After the completion of each item, augmented feekba the form of terminal
Knowledge of results (KR) (Section 2.4.2) is praddn order to inform the trainee about the
correctness of the answer. Moreover, the instrucdor monitor the performance of a trainee
over the time through the performance analyzerodule embedded in the Lesson Runner
Application (Section C.3.3.1). This module showshart which displays the behaviour
fluency (i.e., performance and frequency of tragngessions calculated as right answers per
minute)(Poyade et al., 2011)

C.3.2 Motor skill training

The AT supports motor skill training through twantlamental methods: part-task and
whole task training (Chapter 5). Part-task trainfioguses on the development of angle and

force skills whereas whole-task training enablesresing the performance of whole fine
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grinding and polishing tasks. This thesis expldheseffectiveness of those training methods
to support motor learning through two experimentatlies (Chapters 6 & 7).

Both training methods are implemented in 3D virteavironments which can be
displayed monoscopically and stereoscopically bg thisualization element (Section
C.3.3.3). Moreover, the point of view of the traénean be tracked by using optical tracking
technology in order to provide additional depth < @Appendix B). Motor skill training is
carried out through a haptic device which enabissilating the operating conditions of a
real precision rotary tool (Section 5.2). The anghel force being exerted are sensed by a
haptic server specifically designed for the ManuVpRtform (Section C.3.3.2) in order to
enable the AT to perform the mathematical calcoketi which support performance
evaluation. Performance evaluation outcomes cardibplayed through concurrent and
terminal augmented feedback (Sections 5.1.1.2 1&2).

C.3.2.1 Part-task training

As explained in chapter 5, part-task training eesltactioning the performance of
fine grinding or polishing into several part-taskmgponents which can be practiced
separately and jointly throughout a series of trgjntems. While the trainee goes through a
training item, the AT computes the status of th@eement of the item goal on the basis of
the accuracy of the trained skill(s). After the gbetion of an item, the AT estimates how
well the task has been performed and terminal antgpdefeedback can be provided on this
basis. Moreover, as in the procedural training,itis¢ructor can monitor the performance of
part-training of a trainee over the time through prerformance analyzer (Section C.3.3.1).

C.3.2.2 Whole-Task Training

Whole-task training consists of a holistic approathfine grinding and polishing
tasks. The trainee has to perform the trainedaask the real world. After the completion of
the task, the AT computes performance outcomeseay esingle point on the metallographic
replica area enabling the performance analyzerti@e€.3.3.1) to provide a final score

stating for the degree of completeness of the task.
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C.3.3 Technological elements for motor skill trainng

C.3.3.1 Lesson Runner and Performance Analyzer

The Lesson Runner is an application which enaloladihg a training lesson, a XML
template-based file. Each lesson is composed efiassof items that define the content of
training items in procedural and motor skill traigi

The performance analyzer is a module embedded enLdsson Runner. As said
previously, it shows a final chart which displayg taccuracy of a trainee to complete
procedural and motor skill training items once tfaning is complet¢Poyade et al., 2011)
The chart enables comparing the trainee’s perfazenautcomes over the time. For the
procedural training, performance outcome is presemh the form of right answers per
minute whereas for motor skill training, it is egpsed as a performance score which

indicates the ratio of completion of training items

C.3.3.2 Haptic Server

The haptic server supports the haptic interactighimvirtual environments, through
a haptic interface from the Sensable Technologresiyzt line (Appendix A). The haptic
server provides in real-time force feedback-baséormation to the AT in order to perform
mathematical calculations which support performagealuation for motor skill training. A
description of a preliminary development of haerver has been presented by Cuevas-
Rodriguez at al. (2012).

C.3.3.3 Visualization element

The Visualization element enables displaying 3@uarenvironments in which motor
skills training occurs. The graphical renderingpesformed by the 3DVia Virtools 5.0 VR
Player (http://www.3ds.com/products/3dvia/3dviaais/) at a 60 Hz refresh rate. In the
experimental study 1 (Chapter 6), virtual environtsewere displayed on a 2D Panasonic
LCD monitor (W: 850 x H: 450 mm) with a 1920 x 10Bels screen resolution. In the
experimental study 2 (Chapter 7), virtual environtsewere displayed on a 3D screen (W:
1500 x H: 1200 mm) with a resolution of 1280 x $8%els. Moreover, the trainee’s point of
view was tracked using optical tracking technolagplemented on a VRPN tracking server

connected to the visualization element (Appendix B)
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C.3.4 Topology of experimental setup

This section shows how the ManuVAR platform hasnbesed in the experimental
studies presented in this thesis. Technologicanefds were distributed across several
networked computers. Figures 87 and 88 respectigblgw the experiment setup for

experimental studies 1 (Chapter 6) and 2 (Chapter 7

Figure 87. Setup of the experimental study 1(Chapte

Figure 88. Setup of the experimental study 2(Chapte
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D.1 EXPERIMENTAL STUDY 1

D.1.1 Consent form and payment form
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D.1.2 Instructions

Instructions were displayed in presentation sliddge following sections present the

instructions provided for the haptic familiarizatjahe practice and the evaluation step.

D.1.2.1 Haptic familiarization step

#'E 3
Haptic Background Task
4 3
$ ]
% & '
0
23
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D.1.2.1 Practice step
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D.1.2.3 Evaluation step

#'E 3
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From 0 degrees
to 10 degrees
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D.1.3 Questionnaire
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Section 1:Pre Symptom Checklist

Please circle below if any of the following symptoms applydoright now

1. General discomfort None Slight Moderate Severe
2. Fatigue None Slight Moderate Severe
3. Boredom None Slight Moderate Severe
4. Drowsiness None Slight Moderate Severe
5. Headache None Slight Moderate Severe
6. Eyestrain None Slight Moderate Severe
7. Difficulty focusing None Slight Moderate Severe
8. Salivation increased None Slight Moderate Severe
9. Salivation decreased None Slight Moderate Severe
10.Sweating None Slight Moderate Severe
11. Nausea None Slight Moderate Severe
12. Difficulty concentrating None Slight Moderate Severe
13. Mental depression No Yes
14. “Fullness of the head” No Yes
15. Blurred vision No Yes
16. Dizziness eyes open No Yes
17. Dizziness eyes closed No Yes
18. Vertigo No Yes
19. Visual flashbacks No Yes
20. Faintness No Yes
21. Aware of breathing No Yes
22. Stomach awareness No Yes
23. Loss of appetite No Yes
24. Increase of appetite No Yes
25. Desire to move bowels No Yes
26. Confusion No Yes
27. Burping No Yes
28. Vomiting No Yes
29. Exhilaration No Yes
30. Other symptoms No Yes
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S

Section 2:Short Symptom Checklist (to be filled after
each step)

You should complete this questionnaire every 5 minutes sasuicted by the experimenter

f [ I [ | | I | | [ [
0 1 2 3 4 5 6 7 8 9 10

No symptom Unbearable
at all level of
symptom

Please write down the number from the scale above corresponding to the level at which you are
experiencing the following symptoms right now in the first column below:

Start HB Part 1 Part 2 Part3 Part 4

1 Headache

2 Eyestrain

3 Blurred vision

4 Dizziness (eyes open)

5 Dizziness (eyes closed)

6 Sickness

7 Physical fatigue

8 Mental fatigue
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S

Part5 Part 6 Part7 Part8 Part9 Part 10

Headache

Eyestrain

Blurred vision

Dizziness (eyes open)

Dizziness (eyes closed)

Sickness

Physical fatigue

Mental fatigue

End-task performance Task 1

1 Headache

2 Eyestrain

3 Blurred vision

4 Dizziness (eyes open)

5 Dizziness (eyes closed)

6 Sickness

7 Physical fatigue

8 Mental fatigue
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Section 3:Haptic Background Questionnaire
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Section 4:Motor-Skills Training Questionnaire
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Section 5:End-Task Questionnaire
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S

Section 6:Post Symptom Checklist

Please circle below if any of the following symptoms applydoright now

1. General discomfort None Slight Moderate Severe
2. Fatigue None Slight Moderate Severe
3. Boredom None Slight Moderate Severe
4. Drowsiness None Slight Moderate Severe
5. Headache None Slight Moderate Severe
6. Eyestrain None Slight Moderate Severe
7. Difficulty focusing None Slight Moderate Severe
8. Salivation increased None Slight Moderate Severe
9. Salivation decreased None Slight Moderate Severe
10. Sweating None Slight Moderate Severe
11. Nausea None Slight Moderate Severe
12. Difficulty concentrating None Slight Moderate Severe
13. Mental depression No Yes
14. “Fullness of the head” No Yes
15. Blurred vision No Yes
16. Dizziness eyes open No Yes
17. Dizziness eyes closed No Yes
18. Vertigo No Yes
19. Visual flashbacks No Yes
20. Faintness No Yes
21. Aware of breathing No Yes
22. Stomach awareness No Yes
23. Loss of appetite No Yes
24. Increase of appetite No Yes
25. Desire to move bowels No Yes
26. Confusion No Yes
27. Burping No Yes
28. Vomiting No Yes
29. Exhilaration No Yes
30. Other symptoms No Yes

257



Motor Skill Training using Virtual Reality and Haptnteraction - A case study in industrial mairgane

Section 7:Final evaluation questionnaire
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7.4 Evaluation of training

%
Please explain your answer

- > 3!%

- > 3!'% 3
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D.2 EXPERIMENTAL STUDY 2

D.2.1 Consent form
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D.2.2 Instructions

Instructions were displayed in presentation slidds following sections present the

instructions provided for part-task and whole-taskning.

D.2.2.1 Part-task training
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El lapiz representa la herramienta pulidora, asi que cogelo igual que
usted haria con la herramienta real.
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* Se representa como un cronémetro. / X )

« Elindicador representa el tiempo (
restante durante el cual debes

mantener el comportamiento ( 3! 1 )
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D.2.3 Questionnaire for expert metallurgists
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Appendix E. Experimental Study 1:

Analysis of Comments

E.1 THEME-BASED CONTENT ANALYSIS

The theme-based content analysis (TBCA) (Neale &hblis, 2001) proposes a
methodological framework to enhance the qualitadvaluation of the usability of interactive
technologies (Patel et al., 2005; Cranwell et 2012). It has been used in the EU funded
research projects KidStory (http://www.sics.seftodg) (Stanton et al., 2001) and
ManuVAR (http://www.manuvar.eu) (Langley et al. 120.

TBCA is a consistent analysis method for qualitimformation that prevents the
misinterpretation of terminologies when taken ofttleeir original context. Moreover, it
provides valuable indications of results by grogptinose data into meaningful categories.

TBCA is carried out through a five stages procechased on coherent isolation and

identification of qualitative data relevant toptosbe then clustered into categories:

1. Stage 1 consists in the data collection procesfoth experimental studies

presented in this thesis (Chapters 6 & 7), pawicip were invited to provide
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comments concerning their experience through writteestionnaires. Those
guestionnaires are presented in Appendix D.

. Stage 2 consists in the data collation processle@etl Data are grouped
according to topics that are relevant in the sadybe study and are presented
in the form of a simple matrix.

. Stage 3 consists in the definition of themes aadsification process. A team
composed of a minimum of two researchers determamedata themes and
group the information according to these themeal@& Nichols, 2001). The
number of responses falling into each theme is thditated in the matrix.
This stage is generally based on a discussion eetwesearchers which leads
to several refinements in the matrix.

. Stage 4 consists in the selection process of higitar themes which implies
determining more general themes as a function @fmtimber of participants
responses falling into each of these themes.

. Stage 5 consists in presenting the classificatoa structured and consistent
way. A matrix format enables displaying classiftpdhlitative data (raw data,
raw data themes and higher order themes with fregyueounts to indicate the
popularity of each theme) for each group of pgstiats and allows opening
discussion between researchers regarding to theesstl hypotheses of the
study. Section E.2 presents the content analysisoofments provided by

participants in the experimental study 1 (Chapjer 6
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E.2 EXPERIMENTAL STUDY 1: CLASSIFICATION MATRICES

Table 21. Content analysis of comments providegddicipants from FT group.

Higher order

Raw data Raw data themes
themes

...I was not sure about the force | applied| Difficulties to apply Force (3)
Applying force was difficult. | never knew| correct force (3)
how much force | was really used...
Force was difficult to feel....
The most difficult part was on maintaining
the force
Slight confusion between too much and tpo
little pressure...
... The angle was good. easiness to apply correcfngle (1)

Angle(1)
... Training longer time, training sessions|dflore training needed (2)raining (6)
15sec were too short.
.... To improve upon accuracy, there could
have been smaller session after each task to
focus on improving small things such as
maintaining the correct force or how to
improve on keeping the angle constant.
...Repetitive task really easy to continue | Effective training (4)
doing

...l was able to repeat the training tasks
many times to get better practice.

... (Pressure) It would be easily learnt aft
a few tasks

... felt that training was good and my
performance continued to improve.

| feel progress was good throughout all
tasks.

After a series of training, | feel confident for
doing the task.

...| feel it very useful to maintain force,
angle and trajectory....

The sense of haptic feedback is improved
during training sessions...
...With the training, my sense and capability
of doing the task are improved.
....Experiencing with few scenarios of
trajectory also will help me recognizing
what is the best | should do.

... | have been prepared about the task and
how the strategy to handle it well...
Training helps me to boost my performan

112
—_

Slight confusion over orientation of the | Trouble in the Colour Map
colour map at the start of the task orientation of the colour (2)
map (1)
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Raw data

Raw data themes

Higher order
themes

The colour map helps me to understand

what | should do with the task, which area

should be covered, and how to maximize
coverage area.

Useful indicator (1)

the

| got the instructions twice (verbal and
presentation). | knew what | had to do...

Clearness of Instruction

()

The instructions on screen and from the
demonstrator were very well and clearly
explained...

The demonstrator was very helpful and
helped me feel at ease...

Clear instructions...

Instructions were clear and repeated to m
often...

e

Clear and Precise instruction, | totally
understood what was expected of me...

The instructions are easy to understand. ..

Instructions were made clear so it is easy
understand...

to

gnstructions (7

The pre-experiment helps use to be familiaasiness of tool Tool

to use the device. handling (1) Handling(1)

| do not know if | was on the surface or notContact Issues (1) Realism of
and had to lift the device and reapply it. Tool (2)

... (Sense of haptics is increased during | Realistic haptic

training) so when | performed the last taskperception (1)

it is really realistic...

... for the sense of reality, it is fine.

The design is complete. Realistic environment | Realism of

The real representation of the VE of the r
situation could improve the understanding
from the first training to the last...

o)
)

environment

(2)

| felt | did the task better than the results!

Frustrated performance

1)

Performance

3)

| think | did a good job.

Successful performanc

1)

D

| have never looked at the side colour
map....

Self confidence while
performing (1)

...With the up to down trajectory, | feel |
could boost my performance.

up to down motion (1)

Trajectory (1

The screen may have been a bit close to

Bereen distance issues

Setup issues

€] )
...The angle of view onto the display whenStanding posture POV
standing was not good onto the display. |issue (1)
....Indicators were good for training. useful Feedback Feedback
.... With the display, | know where the angiedicators (2) indicators (2)

and force should be, and feel it directly.
This is a good practice combined with the
unseen displays....

| think the force felt different in the end
task-> fatigue

Physical demand (3)

| feel a bit tired ...

Physical
fatigue (3)

283



Motor Skill Training using Virtual Reality and Haptnteraction - A case study in industrial mairgane

Higher order

Raw data Raw data themes
themes

The fatigue is also caused by the real haptic
and the arm floating in the air
.... Some of the circumstances like the arm
floating in the air without arm rest, and th
sweaty of hand could reduce the
performance and increase the fatigue....
Efforts a lot of force and concentration... | Attention demanding (1)Cognitive
.... there was not much pressure on me toMft much mental load | efforts (3)
the tasks 100% accurately, but in my own (2)
way and time. If there was pressure on me, |
feel I would not be able to do the tasks tojmy
full potential
| found it to be less pressure as the timing
was hot visible to me like in previous task

11

Table 22. Content analysis of comments providegddicipants from HT group.

Higher order

Raw data Raw data themes
themes
... | put too much force at the beginning. ItDifficulties to apply| Force (8)
showed nothing on the screen. correct force (7)
... It was difficult to know if these were

correct.

| was applying too much force in the
beginning, so the colours did not change |....
... No intuitive feeling of how to apply
pressure ....

... May be about the force (too high may be)
but certainly | do not know how to measure
it.

Although it felt like it was difficult to
gauge...

You can’t really be aware of how much
force you put on

... After a while | got better hang of it.... |Accustom to apply
correct force (1)
....it was difficult to know if these were | Difficulties to apply| Angle (2)
correct. correct angle (2)
Very Difficult to get in suitable position...
| think applying force during the initial Training required (8) Training (9)
training would have led to a better
performance.

Not enough exercise for the people who
watch the video. Especially when we
finished the video. We still have no fell
about the task when there was no indicator
showed up in the screen

More exercise for the operator....
It does not tell me the
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Raw data

Raw data themes

Higher order
themes

operator/demonstrator how to apply the
force and place the handle to finish the ta

| wish | could practice on angling and
applying force.

No practical hand on aspect to the trainin

With a little bit more time using the device
rather than watching the film | think | coul
have achieved the green in a fairly smoot
manner

The film did not make a big difference an
think | would have had the same result
without it

With more training of the same kind | thin
it was helpful.

- L

|

| Feel that Performing training shown on
video would have helped

.... For novices like me, the practical
training shown on the video would be ver
necessary.

| was hoping to train myself about how to
make 1-5N forces and 1B degrees angle.
At least, there are clues what to do on the
task, so basically the training is useful (by
for me it is not sufficient enough since I n
to practice it, not only watch it).

—

ped

It just needs practice, I think.
| still struggled to do the polishing, but it d
help somehow.

id

The video part is too lengthy since much
the information has been understood.

ofJseful  training  for

understanding (1)

We may need a sensible colour map. Jus
four colour may be not enough for the
operator to feel whether we operate the
device right or not.

More colour on the map to illustrate the
operator task.

tMore advanced colol
map needed (1)

1Colour

(4)

Map|

| found it easier to look at the working are
to see the little progress | appeared to mg

eUseful indicator (3)
ke.

...I found that the changing colour and the
feel was a better guidance to achieve the
green colour.

... The colour was what mattered most an
helped me to put a less strong and more
efficient force (judging from the colour)
towards the end.

... I let the colour screen be the guiding
device.

| liked the colour map. | would be able to

comment more if | had been more succes
but concept of showing where more work
needed is great.

sful
is

LClearness of Instructiorn

Clear instructions and answer to question

1S Instructions

7)
285
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Raw data Raw data themes Higher order
themes

The instructions via the training session | (6)

were very informative.

I understood what | was supposed to do..

Clear enough to explain what | should do

The instructions are detailled and well

defined.

On the whole experiment, instructions

provide clear information of the experiment

and how it should be operated.

there were clear instructions.

Probably needed more instruction i.e.: | Weakness af

practicalities - how to hold, how to changeinstructions (1)

angle and how to change pressure

...  wonder what kind of ways of holding ttfficulties in  tool| Tool Handling

device to make a correct position and handling (2) (4)

correct effect on the surface (polishing

process).

...it was difficult to see how | was holding

the device and where | was placing it, it

seems like something you need to get used

to. It was

generally difficult ... to work the device....

| found it easy for the demonstrator to Easiness of tool

control the handle and finish the task handling (2)

perfect.

.... and easy to handle...

I would have expected more vibration from/Neakness in vibratiorRealism of

the device... realism (1) Tool (5)

| thought the sound feedback would reflegl.ack of realism of

the angle and the force but it did not. sound (1)

The contact of the surface can’t be obviou€lgntact Issues (1)

felt by the operator

It seems to be quite realistic... Realistic tool simulation

Well, | have never held a polishing tool, well)

once | did and it was similar to this

actually...

It is hard to judge how realistic is the No comment (2

experience was when | have not experiendgdored

the real tool....

...difficult to comment.

...poor environment. lack of realism (1) Realism of
environment
1)

I think | would do much better a second | Not successfylPerformance

time. performance (6) (6)

It is a bit upset when you see nothing hag

changed at all.

....I was disappointed that | did not appear

to get any green "well polished areas"

The colour red as this was the only colour |

really saw due to my performancel...

... and | did not manage to get it all green
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Higher order

Raw data Raw data themes
themes

hence not accurate.
...  was not successful, and | have no
experience of power tool...
Not as easy as | think.
Wonder why | could not do it? ....
....I was not doing the movements as | hgdNo comment (1) Trajectory (1)
learned earlier...
Red colour may be a little too strong(flashyrightness issue (4) Setup  isspes
The colour red as this was the only colour | 4)
really saw due to my performance! Was very
intense.

| feel eyestrain after the experiment...
....staring at the screen for a long time
really hurt my eyes and gave me a
headache.

| did not do the training but | think | would| Feedback indicatord-eedback
have found it easier if the indicators were| would have beenndicators (4)
just above the polisher so | could see bothratjuired (4)
the same time.

(Lack of feedback)( for the end task) It is
better to put a force indicator on the screen
to show the operator how much force shauld
be applied on the device because ......
There was not feedback on the screen to
show angle or pressure being applied to
device, so it was difficult to know if these
were correct.

No practical work so no feedback on angle
or pressure to use the tool.
| felt dizzy after the experiment and wanteéhysically demandingPhysical

to have physical exercise or stretching. | (1) fatigue (1)
... You have to be concentrated during theAttention demanding (3)Cognitive
polishing. efforts (3)

At times the device will go out of control.
You need to be concentrated.
It was generally difficult to concentrate

Table 23. Content analysis of comments providegddicipants from CT group.

Raw data Raw data themes Higher order
themes
| was not sure if | was applying the correctDifficulties to apply| Force (8)
pressure correct force (7)
... At first, | did not realize what pressure to

apply ....
Not sure why | was not getting it right
| was unsure about how much force | was

applying...
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Raw data

Raw data themes

Higher org
themes

... I did not understand what level of
pressure to maintain
| was unsure about the pressure levels

Took a long time to figure out a way to ha
an effect on the colour map.

It was hard to know how much force | was

applying without an indicator, was just
going on how the device vibrated

D

.....I had trouble in getting the...force
correct

... afterl gotusetoit ...

Got accustomed to
apply correct force (1)

It was hard to know what angle was the
correct angle for polishing....

After completing the task, | realized | sho
have changed the angle | was holding the
pen at to compensate for the cylindrical
shape of the tube.......

Difficulties to apply
correct angle (4)
uld

Not sure why | was not getting it right.
| could not understand or whether the ang
was correct.

jle

Took a long time to figure out a way to ha
an effect on the colour map

Ve

....I had trouble in getting the angle
correct

Angle (4)

There is a difference between the training
and actually performing the task

| found the task very interesting and with
bit more practice be able to perform the ta
better

Training required (4)

A
ASk

| am sure | would have been more succeg
with the polisher if | had been given the
chance to test it out before using it.

ssful

It is obviously difficult to convert what | sa
in the video into physical actions.

W

No training, just the video.

Training exercises would be helpful.

.... Programming response is not easy to
interpret from a video alone.

The video representation of the positionin
of the tool helped me understanding whet
needs to be to achieve optimum results.
The videos .... were informative and easi
understood.

dJseful  training  for

elitderstanding (4)

y

I think it is an effective way of learning ar
interesting (resembles playing video gam

d
eS).

| had a good idea of how to perform it afte
watching the videos
The video was a helpful indicator.

D

=

Although | saw only the training | thought |i

was enough to help me perform the task.

of Training (8)

Effectivenessg

er



Appendix E. Experimental Study 1: Analysis of Conmise

Raw data Raw data themes Higher order
themes
It is quite hard to assess how much of the Weak indicator (1) Colour  Map
area had been polished, for example, the 4)

right hand side was not polished at all.

... It was easy to understand what | was | Useful indicator (3)
doing using the colour indicator.

| would be able to be more specific about
the feedback if | had progressed further, but
the colour map seemed to work ok.

D

Both maps were fine. | was pleased to se
they changed colour slightly towards the
end.

Instructions were explained very well. Clearness of Instructiongnstructions (7

... instructions were informative and easily(7)
understood

| could understand what | was meant to dp
and how.
... l understood the idea.

| understood how to manoeuvre the hapti
tool ...

[

| understood what was expected of the task.

Both written and verbal instructions were

good.

They were very clear.

Haptic device easy to control... Easiness of toglTool Handling
handling (1) 4)

... Programming response is not easy to | Difficulties in  tool

interpret from a video alone. Handling (3)

It was not easy to handle as | though ...

...It took a moment to be able to coordinate
to right direction.

The force simulation seemed to diminish | Weakness in  forceRealism of
when excess force was used. realism (1) Tool (8)
The vibration was realistic but would

probably be stronger from the real device

It was hard to tell when the polisher was i€ontact Issues (3)
contact with the pipe.

Lack of indication when tool was in contact
with pipe- sound change?...
Not a strong enough simulation of surface
contact.

It was hard to see why | did not touch the
pipe/ make contact with it, especially as it
felt | was touching it

The task was very realistic giving feedbaglRealistic tool simulation
through the device, by vibration etc... 4)

| am not sure what to expect as | have never
used a polishing tool but | assume it was
accurate.

.... I could feed me feedback so | could
distinguish different levels (referring to
tangential force).
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Raw data

Raw data themes

themes

... The vibration was realistic ....

Realism ol
environment

(0)
. | expected to do better. Not successfylPerformance
... Not able to physically do what | was | performance (2) 3)

needed...

Higher order

| managed to perform the task... Acceptable performange
1)
...Task distinctly easier when not followingincreased  complexityTrajectory (1)
the trajectories and the haptic device wag with trajectory
stationary.
...| see colours flashing in front of my eyesBrightness issues (1) Setup  isspes
occasionally (like when you stare into a D
bright light).
Feedback
indicators (0)
Fatigue (0)
Efforts (0)
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Appendix F. Experimental Study 2:

Analysis of Comments

This appendix presents the answers provided bycgmamts to open-ended questions

proposed throughout the whole ManuVAR demonstratiage.

Table 24. Answers to question 1 from expert andexert workers.

seen today?

What is your overall impression of the potentialtbé technology you have

Positive responses

Negative responses

Experts

It's useful for the training to knowThe haptic device is not close to the

which step and how it is performedtool but it is still good.

The potential is very good.
The potential to perform
metallographic replica mechanici
work is high and it is a good way
learn how to perform the steps.
The 3D simulator is very good.

Changing the point of view is clos

While handling the haptic device, y

theare looking left and right, but in th
alreal situation you look straight i
idront.

[¢)

—
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What is your overall impression of the potentialtbé technology you hav

seen today?

Positive responses

Negative responses

to the real situation, you can thin

that it feels like holding the rea

tool, with vibrations and sounds.

...this it is a good tool.

Novices

It is quite useful for learning the... more time is required to get use

metallographic replica.
Good.
User is

performance improve

compared to the beginning of th@erforming, so it is not easy to do it

task.

Concerning the physical training,of the tool to the real size.

its fine ...

The colour map is useful, you cafrom what it is in reality.

check the work you are performindt annoying when performing the la

and how you perform it.
It is an innovative and interestin

application that is easy to use.

The application is interesting and
is easy to learn using th
application.

As an introduction, it is fine.
It is a good tool for introduction
and can save you some time in
lab.

It is hard to see if you are applyin
the good force or not.
Concerning force and angle, it

fine ...

dyou don't know where you a

goerforming in the real world you d

idoing.

el'he work space of the haptic dev

1 because in the real world they ¢

treee the metal changing.

gpolishing tool to the haptic device

sThe graphics need to evolve to

the haptic device.

During the last test on the simulatg

But there is a discrepancy of the s

The application is fine but it is fg

task,

have a visual idea about how you &

iS not accurate.

...but the lack of feedback is annoyi

It would be good to mount the re

perceive angle.

better quality.

There is a lack of precision fq

example it was complicated to s

where | was touching.

| had some doubts if | was touchi

in contrast when you ar

—

(0]

=

al

[0
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What is your overall impression of the potentialtbé technology you have

seen today?

Positive responses Negative responses

or not touching the pipe.

Table 25. Answers to question 2 from expert andexpert workers.

Which parts of the task or tool did you like?

Experts | As we have said the best part is the simulator bse#@ makes you feel that
you are performing the real metallographic replica.

For us, the simulator.

Novices| | liked the simulator.

It where you can learn more about making the megadiphic replica.
It fits to the reality of the work.

Preferred the simulator task with the colour map.

| liked the training on the simulator.

| agree; | liked the learning method, it was veimitar to performing the
real task.

For the T'trial everything was fine.
It is an innovation

It is a positive application and it is clean, yoreayetting dirty while using
it.

Table 26. Answers to question 3 from expert andexert workers.

Which parts of the task or tool did you dislike?

Experts | | think in the simulator the problem is to put thegptic in a good position
If you are watching the pipe and the haptic is lowe
Really it would be better if it was the same height

There is mismatch between the position of haptittha screen.

Novices| | had trouble applying angles and angling the tonlthe simulator.
When | make the motor skill training with feedbdickvas ok but without
feedback it was hard and not fitting to the reakkvo

The indicator is helpful for orientation but whemete was no feedback | was
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Which parts of the task or tool did you dislike?

trying to remember what | did in the real world.
There is a discrepancy between the angle of polgstool in MS training and
simulator compared to reality.
Because | am small, | had to use step and thisriboiéd in degrading the
quality of the angle.

The final exam without the colour map.
I didn’'t know how it was working, it was blind worlk contrast, in the real
world you can see what you are doing. But it daesréan | didn't like it. |
Just liked it less than the other elements of fh@ieation.

In general there is nothing negative of the tool.

At first it was uncomfortable and it was hard taqave the black button ip
the dark

The haptic device is warm and constrains the motion

It was fine but during the last part, the precisizas not accurate.

The image of the screen was blurry.

Table 27. Answers to question 4 from expert andexert workers.

Could the training of the task be carried out measily using the ManuVAR too

when compared to the conventional way of training?

Experts

Yes | think so.
It is useful but it could be combined with the @ntional training.

It is useful for the % steps.

Do you think that the training of the task was ieatrout quickly using the
ManuVAR tool?

1%

Novices

Yes, it is better and quicker.

Yes.

The advantage of using tool is that you can male tthining at your
workplace and not on-site.

For the physical training, it is better in the reabrld.

After the training received, it might be more éffit to combine with the real
world training,

Yes, training is quicker,
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Its good using VR as a compliment to real worldinireg and it provides
background and knowledge to real world training.
| really like it.

VR training and physical training are complementary

—

Training is quicker because in real world you hawgrepare a lot of thing by

both training in VR and real word are complementary

Table 28. Answers to question 5 from expert andexert workers.

Could the training of the task be carried out mareurately using the ManuVAR

tool?

Experts | | think that Manuvar is useful to understand soromfs that we can teach {o
the students.
Such as the red signals that let you know that gimiwrong, but there is
nothing in the traditional training that does this.

In the simulation, it shows the point in which y@ave to polish.

| think that Manuvar could cover some points tHa¢ traditional training
cannot.

Motor skills are good to learn the right angle afadce.

Novices| It is a good tool because for somebody who hasorfteda metallographi¢
replica, it is useful to get the knowledge conaegrfiorce and angle.
It is more complicated to learn in the lab.

In the lab, instructors just say press more/lessvith this tool it is easier to
understand how much to press.
Yes

It trains you in adapting correct angle and forcénieh drives you to thg

1174

correct behaviour.

117

It is more accurate and it allows you to repeat thek without spoiling the

material. So, you are saving cost.

—

VR training is complementary to real world trainiagd it is very precise. |
would be good to combine VR training and real wardning.

Yes, you can use as a background before the redd waining.
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Table 29. Expert only questions.

What type of training/knowledge do you think is wegd to use the ManuVAER
tool effectively, i.e. do users need any pre-lesdonthe procedural task?

Not relevant for the experimental study

What type of training/knowledge do you think is uggd to use the ManuVAJ

tool effectively, i.e. do users need any pre-lesdon the training using the hapti

device?

Nothing, it is very easy to use.
Maybe because we are use to using X-box.

It is user friendly.

In your opinion, how well does the simulator reproe the task it simulates?

Very, very, very good tool.

Despite the graphics could be better but it doesrdtter.
The environment is very good.

| like the simulator and | like the results.

There are no problems in the tool.

IC
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