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ABREVIATURAS

APA: Asociacion Estadounidense de Psicologia
Cl: Coordinacion intersegmentaria

DH: Revés a dos manos

ECG: Electrocardiograma

FCmax: Frecuencia cardiaca maxima

IMU: Inertial Measurement Unit
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PPP: Polar Precision Prime®
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Rw: velocidad angular resultante
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Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

GLOSARIO

Gold estandar: (del inglés patrén de oro) término utilizado para definir
aquellos test o tecnologias que tienen contrastada la mdxima precisién y
fiabilidad a la hora de medir o evaluar una determinada patologia o

variable.

Escaner de luz estructurada: escaner 3D que proyecta un patrén de luz blanca
o azul calibrada con alta precisién sobre el objeto o persona que se esta
escaneando. Normalmente, el patrén de luz se compone por lineas

paralelas o en forma de cuadricula.

Rigging: técnica que se utiliza en animacion 3D para aportar la estructura a
los disefos y configurarlos con el objetivo de obtener determinado tipo
de movimientos en la animacién. En el caso de personajes humanos, se

podria definir como el proceso de afiadirles huesos y esqueleto.

Skinning: se conoce como el proceso para asignar el rigging a una animacion
3D. Existen diferentes posibilidades, como el que permite la deformacion
de la animacién o los que permiten a los objetos 3D actuar como
elementos sélidos o liquidos. En resumen, el Skinning es la relacién de
parentesco entre la animacion 3D y su esqueleto donde el que manda es

este ultimo.

Lesion musculo-esquelética: Las lesiones musculo-esqueléticas son todas
aquellas que incluyen roturas de huesos o dislocaciones de las
articulaciones, distensiones, desgarros de ligamentos, esguinces y

laceraciones de tendones.

Coordinacidn intersegmentaria: La coordinacién intersegmentaria u dculo-

manual describe la capacidad de utilizar los ojos y las manos durante
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diferentes trabajos motores. Se ha demostrado que la coordinacion
intersegmentaria se produce de proximal a distal en términos de
velocidad angular y velocidad lineal en la mayoria de gestos técnicos de

tenis.

Variabilidad motora: se puede definir como las similitudes y diferencias entre
ensayos de una misma tarea. Por ejemplo, dos derechas de tenis
realizadas de forma consecutiva tienen algo en comun y algo diferente.
Es decir, los sistemas bioldgicos tienen la capacidad de adaptarse a los
condicionantes externos y esto es gracias a que poseen la caracteristica

de la variabilidad.

Evaluacion integral: tipo de evaluacién multidisciplinar realizada a
deportistas que tiene en cuenta aspectos como la eficiencia biomecanica
y fisioldgica, aspectos psicosociales, la destreza tactica y el método de
ensefianza-aprendizaje, con el objetivo de fomentar una préctica

deportiva saludable y optimizar el rendimiento.

Velocidad angular: es una medida de la velocidad de rotacion. Se entiende
como el dngulo girado por unidad de tiempo y se simboliza con la letra
griega w. Su unidad en el Sistema Internacional es el radian por segundo

(rad/s).

Sistema Optico de captura de movimiento: se basan en un conjunto de
camaras, generalmente infrarrojas, que se emplean para captar el
movimiento de un sujeto y un software que los interpreta. De este modo,
las camaras registran y aplican los movimientos a un modelo digital. Los
sujetos que realizan los movimientos a capturar, suelen llevar puesto un
traje con marcadores reflectantes que permite a las cdmaras detectarlos

con alta precision.
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Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

Asesor virtual: son tutores que muestran ejemplos y realizan
demostraciones, empleando: infografias 3D con actores sintéticos (avatar
3D); realidad aumentada; realidad virtual; proporcionan biofeedback a
tiempo real de indicadores de salud y rendimiento; gestionan alertas y
avisos, en caso de consecucién de hitos o bien cuando se superen

umbrales; interaccionan con los wearables; gestionan refuerzos positivos.

Tecnologia wearable: o tecnologia vestible, son aquellos dispositivos
electrénicos que se colocan en el cuerpo humano y que interactian con
otros aparatos para transmitir o recoger algun tipo de dato. Por ejemplo,
un reloj deportivo colocado al tenista para medir su frecuencia cardiaca

durante los entrenamientos.

GLOSARIO | xxi
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Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

PREAMBULO

La presente tesis doctoral representa un avance en la monitorizacién de
parametros de rendimiento y salud en tenistas mediante tecnologias
portables. Se llevé a cabo dentro del grupo de investigaciéon CTS-545 “Human
and Motion Lab” (https://www.humanlabugr.com/), perteneciente al
departamento de Educacién Fisica y Deportiva de la Facultad de Ciencias de

la Actividad Fisica y el Deporte (Universidad de Granada).

Se ha contado con la financiacion y apoyo de los siguientes proyecto e

instituciones a lo largo de su desarrollo:

e Fondo Europeo de Desarrollo Regional (FEDER) (DEP2015-70980-R y
PID2020-115600RB-C21).

e Convocatoria de Proyectos de Investigacion del Centro Mixto
Universidad de Granada y el Mando de Adiestramiento y Doctrina
del Ejército de Tierra Espafiol (CEMIX UGR-MADOC) (CEMIX 22-16 y
CEMIX 9/18).

e Programa Estatal de Infraestructuras Cientificas y Técnicas vy
Equipamiento (Plan Estatal de 1+D+i) del Ministerio de Economia y

Competitividad (Ref.: UNGR15-CE-3400 y EQC2018-004702-P).

e Transferencia de Conocimiento entre los Agentes del Sistema
Andaluz del Conocimiento y el Tejido Productivo, Plan Andaluz de

I+D+l (PAIDI 2020) (5974).
e Ministerio de Educacién y Formacion Profesional (IAFP21/00141).

e Fondos europeos (NextGenerationEU) del Plan de Recuperacion,

Transformacién y Resiliencia para el afio 2022. Organismo: Consejo
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Superior de Deportes, Ministerio de Cultura y Deporte (EXP_74829y
ActiVital).

e Junta de Andalucia, a través de un Convenio Especifico entre la
Consejeria de Turismo, Cultura y Deporte de la Junta de Andalucia
(Direccion General de “Sistemas y Valores del Deporte”)

(AndaluciaMuévete_Mayores).

A través de un analisis integral del tenista se han publicado 4 articulos, 3
de ellos JCR (los cuales avalan el presente trabajo), con el objetivo de tener la
mayor informacién posible de cara al desarrollo final de una aplicacion movil

innovadora, basada en el uso de asesores virtuales.
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Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

RESUMEN GENERAL (ESPANOL E INGLES)

Las nuevas tecnologias portables cada vez son mas utilizadas en deportes
de raqueta. Sus aplicaciones abarcan el andlisis cinematico y cinético, la
evaluacidn de parametros fisioldgicos, el estudio de aspectos psicoldgicos, la
optimizacién del rendimiento y la prevencion de lesiones musculo-
esqueléticas. Por ello, en la presente tesis se han desarrollado 4 estudios
encaminados a la creacién final de una aplicacion de analisis integral basada

en asesores virtuales de tenis.

Los objetivos de la presente tesis fueron: i) evaluar la validez y fiabilidad
de tecnologias wearables aplicables al tenis (estudios 1 y 2); ii) utilizar de
forma aplicada tecnologias wearables para obtener conclusiones de
importancia biomecanica en situaciones reales de juego en tenis (estudios 3
y4); iv) desarrollar una aplicacion movil basada en el uso de asesores virtuales

con todos los datos obtenidos en los distintos estudios.

Se utilizaron dos tipos de metodologias: se realizaron protocolos de
evaluacién en condiciones de laboratorio (estudio 2). Ya que en este caso fue
necesaria la utilizacion de un sistema de referencia no portable para la
validacion de los sensores utilizados. Por otro lado, en el resto de estudios
(estudios 1, 3 y 4), la metodologia se basé en protocolos de evaluacion en
pista mediante el desarrollo de tests de golpeo y planificacion de sesiones de

entrenamiento estandarizadas.

Los resultados demuestran la eficacia de las nuevas tecnologias
wearables utilizadas en el presente trabajo, para monitorizar pardmetros
biomecanicos vy fisioldgicos en tenistas. En cuanto a las dos validaciones de

tecnologias wearables (estudios 1 y 2), ambas resultaron ser herramientas
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validas y fiables para medir frecuencia cardiaca y cinemdtica durante la
practica del tenis, respectivamente. Con los estudios 3 y 4 se consiguid
obtener conclusiones de valor biomecanico mediante la aplicacidon de campo
de las tecnologias wearables. Concretamente, se evaluaron las diferencias
entre el revés a una y dos manos en términos de velocidad, precision y
cinematica (estudio 3). Por otro lado, se midid la variabilidad motora de los
golpes principales de tenis en funcién del tipo de golpe, nivel de juego y

segmento corporal del tenista (estudio 4).

En conclusidn, los sistemas wearables utilizados constituyen una
alternativa, de bajo coste y facil configuracién y uso. Ademas, aportan
pardmetros medidos en situaciones reales de juego, lo cual supone una gran
ventaja frente a los sistemas tradicionales de evaluacidn en condiciones de
laboratorio. Finalmente, la aplicacion desarrollada se deberd seguir
perfeccionando, mediante la implementacién de todos los datos recogidos en
los estudios y de nuevas funcionalidades con el objetivo futuro de evaluar con
un estudio longitudinal como afecta su uso al proceso de aprendizaje global
del tenis. Lo cual, la confirmaria como un valioso instrumento para
entrenadores, jugadores e investigadores de tenis y en un futuro, adaptable

a cualquier otro deporte de raqueta.

Palabras clave: wearable; deportes de raqueta; IMU; biomecanica; tenis;

fisiologia.
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New portable technologies are increasingly used in racquet sports. Its
applications cover kinematic and kinetic analysis, the evaluation of
physiological parameters, the study of psychological aspects, the
optimization of performance and the prevention of musculoskeletal injuries.
For this reason, in this thesis 4 studies have been developed aimed at the final
creation of a comprehensive tennis player analysis application based on

virtual advisors.

The objectives of this thesis were: i) evaluate the validity and reliability of
wearable technologies applicable to tennis (studies 1 and 2); ii) use wearable
technologies in an applied manner to obtain conclusions of biomechanical
importance in real tennis game situations (studies 3 and 4); iv) develop a
mobile application based on the use of virtual advisors with all the data

obtained in the different studies.

Two types of methodologies were used: evaluation protocols were
carried out under laboratory conditions (study 2). Since in this case it was
necessary to use a non-portable reference system for the validation of the
sensors used. On the other hand, in the rest of the studies (studies 1, 3 and
4), the methodology was based on on-court evaluation protocols through the

development of stroke tests and planning standardized training sessions.

The results demonstrate the effectiveness of the new wearable
technologies used in the present work, to monitor biomechanical and
physiological parameters in tennis players. Regarding the two validations of
wearable technologies (studies 1 and 2), both turned out to be valid and
reliable tools to measure heart rate and kinematics during tennis practice,
respectively. With studies 3 and 4, conclusions of biomechanical value were

obtained through the field application of wearable technologies. Specifically,
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the differences between the one-handed and two-handed backhand were
evaluated in terms of speed, precision and kinematics (study 3). On the other
hand, the motor variability of the main tennis strokes was measured
depending on the type of stroke, level of play and body segment of the tennis

player (study 4).

In conclusion, the wearable systems used constitute an alternative, low
cost and easy to configure and use. In addition, they provide parameters
measured in real game situations, which is a great advantage over traditional
evaluation systems in laboratory conditions. Finally, the developed
application must continue to be perfected, through the implementation of all
the data collected in the studies and new functionalities with the future
objective of evaluating with a longitudinal study how its use affects the global
learning process of tennis. Which would confirm it as a valuable instrument
for tennis coaches, players and researchers and, in the future, adaptable to

any other racket sport.

Keywords: wearable, racket sports; IMU; biomechanics; tennis; physiology
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Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

1. INTRODUCCION GENERAL

1.1. ELTENISY EL RESTO DE DEPORTES DE RAQUETA EN LA SOCIEDAD
ACTUAL

En los ultimos afios los deportes de raqueta han ido adquiriendo
importancia respecto a los deportes mas practicados tradicionalmente, ya
que ha aumentado significativamente el nimero de personas que los
practican. Debido a lo anterior, el interés cientifico por los deportes de
ragueta también ha incrementado (1). Existen numerosas disciplinas dentro
de los deportes de raqueta: tenis, tenis de mesa, padel, squash, badminton,
tenis playa, etc. Todas ellas comparten ser disciplinas con esfuerzos
intervdlicos de moderada y alta intensidad, provocados por ejecuciones
repetitivas de corta duracién, pero de alta intensidad (2, 3). Los deportes de
raqueta se pueden dividir en funcidn del tipo de pista donde se desarrolla el
juego. Los principales se practican en una superficie dividida por una red
(tenis, badminton y tenis de mesa); otros requieren de un muro o valla
(frontenis y squash); y mixtos, donde existe la division de la red ademas de

paredes traseras y frontales (padel) (1).

Los deportistas de raqueta tanto principiantes como profesionales,
deben saber que para conseguir un adecuado rendimiento tendran que
atender a la aptitud y preparacién psicoldgica, la condicion fisica, la
conciencia tactica y la eficiencia biomecanica y fisioldgica (4). En un partido
individual de cualquier disciplina de raqueta dos jugadores alternan el golpeo
de la pelota, comenzando con el servicio de uno de ellos y terminando con un
jugador que anota un punto. Esta serie de golpeos alternativos se llama rally.

Ambos jugadores habran de analizar multiples variables en cada uno de sus
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golpeos (técnica a utilizar, posicion de la pelota, posicién en la pista del rival,

etc.).

La practica de deportes de raqueta tiene beneficios tanto para jovenes
como adultos. En el caso de los jévenes, contribuyen al desarrollo de
habilidades perceptivo-motrices, al control motor, lateralidad, la motivacién
y promueven el aprendizaje (5, 6). Ademas, cualquier persona puede
practicarlos independientemente de sus cualidades fisicas o intelectuales (7),
por lo cual, favorecen la integracion de estudiantes con discapacidad
intelectual leve ayudando a su normalizacién socializacién y no discriminacién
por parte de sus iguales (8). En cuanto a los beneficios para la salud en adultos
a nivel recreacional, también resultan de especial interés para poblaciones
con problemas mentales ya que no requieren de adaptaciones y son
inclusivos (9). Igualmente, la practica regular de algun tipo de deporte de
raqueta reduce en un 47% el riesgo de sufrir un infarto o una enfermedad
cardiovascular (10), mejoran la capacidad aerdbica, reducen el indice de masa
corporal y mejoran de la salud 6sea (11, 12). Por tanto, en funcién de todos
los beneficios que reportan e impacto en la sociedad actual, se deberd
fomentar la practica de deportes de raqueta en cualquier tipo de poblacién

independientemente de su nivel, edad, género o raza.

A nivel mundial la practica del tenis esta muy extendida con un total de
75 millones de jugadores aproximadamente (12, 13), solo en Espaiia
alrededor de 3 millones de personas lo practican al menos dos veces al mes;
existiendo un total de 80.318 licencias de competiciéon en 2023 segun la Real
Federacion Espafiola de Tenis (14). Este popular deporte se practica sobre
pista (dura, tierra, césped y moqueta). Las dimensiones de una pista
reglamentaria son 23.77 m x 8.23 m para simples y 23.77 m x 10.97 m para

dobles. La red que divide la pista en dos partes igual se coloca a una altura de
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0.941 cm. En el tenis, el implemento utilizado es la raqueta, que se fabrican
con titanio, grafito y fibra de vidrio. Una raqueta para adulto tiene una
longitud de entre 67cm y 73 cm, siendo la longitud maxima permitida 81,28
cm. Las cuerdas de las raquetas se fabrican con nailon o tripa resistente. En
cuanto a la pelota utilizada, es hueca y se fabrica con caucho y una cubierta
de tela. La pelota de tenis puede llegar a alcanzar 250 km/h en un saque de

jugador profesional.

El tenis, al igual que el resto de deportes de raqueta, tiene beneficios para
la salud, como son la mejora de la capacidad aerdbica, reduccién del
porcentaje de grasa corporal, mejora el perfil lipidico, reduce el riesgo de
enfermedad cardiovascular y mejora la salud ésea (10, 12). Sin embargo, su
practica también conlleva un riesgo de lesidn como ocurre en el resto de
deportes. Un metaanalisis realizado por Pluim et al., (15) concluyd que el
rango de aparicidén de una lesién en tenis va del 0.04% al 3% por cada 1000
horas de juego. Las lesiones mas frecuentes son las de extremidades
inferiores (31% al 67%), seguidas de las lesiones de extremidades superiores
(20% a 49%) y, por ultimo, las menos frecuentes son las lesiones de tronco
(3% al 21%) (15—-17). Dentro de las lesiones de tren inferior las mas comunes
son las de tobillo y muslo; en cuanto a las de tren superior las de hombro y
codo; y las lesiones de lumbares serian las lesiones mas frecuentes de tronco.
Concretamente, las roturas musculares, la inflamacion y los esguinces son las

lesiones mas habituales en tenis (17, 18).
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1.2. BIOMECANICA DEL TENIS

La biomecanica en tenis juega un papel integral en la produccién de los
distintos tipos de golpeo (derecha, revés, servicio, volea, etc.), ademas de ser
un factor clave para el éxito del jugador tanto a nivel competitivo como
recreacional (19, 20). Todos los golpeos en tenis estan fundamentados en un
patron mecdnico (entendido como el gesto técnico individual de cada
jugador). Las lesiones deportivas dentro de esta disciplina también tienen
principalmente una causa mecanica, de aqui su importancia (20, 21). Por lo
tanto, los objetivos principales del biomecanico deportivo son mejorar el
rendimiento y reducir el riesgo de lesion del jugador. Los estudios
biomecdnicos de tenis se centran en analizar la cinematica y cinética de los
distintos golpeos mediante grabaciones 3D, medicion de la activacién

muscular (electromiografia) o simulaciones y modelaje (22, 23).

La ejecucién técnica de todos los golpes de tenis consta de 3 fases:
preparacion, aceleracién y terminacion (24). La coordinacion entre las
distintas fases del golpeo, la coordinaciéon dculo-manual y las conexiones
intersegmentarias seran los factores claves para la consecucidén una técnica
adecuada de golpeo (19,20,23). Se ha demostrado que la coordinacién
intersegmentaria (Cl) se produce de proximal a distal en términos de
velocidad angular y velocidad lineal (25) en la mayoria de golpeos del tenis y
que el momento de madaxima rotacion del tronco adquiere un caracter
fundamental en el rendimiento que se puede llegar a alcanzar en el golpe
(26). Otra variable que determina la eficiencia biomecanica del jugador sera
la variabilidad motora en los distintos tipos de golpeo, ya que una menor
variabilidad (entendida como baja variacion entre una derecha y otra, por

ejemplo) se asocia con jugadores de mayor nivel y viceversa (27). A
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continuacion, se describe la cinematica y cinética de los principales golpes de

tenis.

1.2.1. Saque

El saque en tenis es el golpeo mds importante ya que es el que mas puntos
otorga al jugador durante los partidos y ademas comienza todos los puntos
(28). Durante el servicio, el jugador comienza desde posicidn estatica y realiza
una serie de movimientos coordinados de la parte inferior y superior del
cuerpo en un periodo ligeramente superior a 1s, resultando un golpeo de
pelota que puede llegar a alcanza 240 km/h. Se trata pues de un movimiento
explosivo que requiere de potencia y aceleracién. La técnica de saque en tenis
estd basada en una cadena cinética que lo divide en cuatro fases: toma de

impulso, preparacion, aceleracién y terminacion (29, 30) (figura 1).
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Toma de impulso Preparacion Aceleracion Terminacion

Figura 1. Fases del saque de tenis
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La fase de “toma de impulso” comienza desde posicidon estatica
(preparado para sacar), y termina con la liberacién de la pelota desde la mano
no dominante. Durante esta fase, cada jugador adquiere sus propias
peculiaridades técnicas existiendo asi multiples tipos de tomas de impulso
distintas. El aspecto mas importante de esta fase serd lanzarse la pelota lo
mejor posible (con trayectoria lo mas rectilinea posible) con el objetivo de
conseguir un punto de impacto Optimo. En esta fase se inicia el
almacenamiento de energia potencial que posteriormente se transferird a

través de la cadena cinética (29, 31).

La fase de “preparacidon” comienza con el lanzamiento de la pelota de la
mano no dominante vy finaliza en el punto de maxima rotacién externa del
hombro dominante. Esta fase se divide en “preparacion temprana” vy
“preparacion tardia”. Durante la “preparacion temprana” el brazo comienza
a rotar de forma externa y los tobillos se flexionan con el objetivo de tomar
impulso del suelo (32). En la “preparacién tardia” las piernas comienzan a
subir antes de que el brazo no dominante comience a rotar de forma interna,
lo que provoca una mayor rotacion externa del hombro vy, por lo tanto, un
almacenamiento de energia de los musculos implicados. También durante
esta fase, el cuerpo se aleja de la red, al mismo tiempo que las rodillas y las
caderas del jugador se flexionan. La espalda se extiende y gira alejandose de
la red. Los movimientos anteriores conllevan a que aumente la energia

potencial almacenada (29, 31).

La fase de “aceleraciéon” comienza desde el momento de maxima rotacion
externa del brazo dominante hasta el punto de impacto con la pelota y
también se puede dividir en fase “temprana” y “tardia”. Durante la
“aceleracién temprana” la energia potencial almacenada en las estructuras

elasticas pasivas del hombro, codo y espalda se convierte en energia cinética.
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Al mismo tiempo, las rodillas y las caderas se extienden, ademads la espalda se
mueve pasando de extension a flexion y girando hacia el lado no dominante
“aceleracién tardia”. Durante esta fase el hombro y el codo obtienen la
maxima activacién muscular a la que llegaran durante el gesto técnico (33).
Finalmente, la fase de “terminacién” comienza con el contacto con la pelota
y acaba con el final del gesto técnico. En el momento del impacto se liberan
todas las fuerzas acumuladas y transferidas a través de los distintos

segmentos corporales intervinientes en la cadena cinética del saque de tenis.

Para finalizar la presente seccién, se han demostrado diferencias
biomecanicas significativas en funcién del efecto que se imprime a la pelota
durante el saque, existiendo el saque plano (mayor potencia) y los saques con

efecto liftado y cortado (mayor control) (31).

1.2.2. Derecha

El golpe de derecha ocupa un lugar muy cercano en importancia al saque
tanto para investigadores como entrenadores (34). Es el segundo golpe mas
estudiado del tenis ya que numerosos articulos han descrito su biomecdnica
(20, 35-37). Los estudios sobre la derecha se han centrado en la precision del
golpeo, coordinacién, consistencia, generacion de velocidad de pelota y
produccién de efecto (38). El gesto técnico de la derecha de tenis se puede

dividir en 3 fases: preparacion, aceleracion y terminacion (35) (figura 2).
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Posicion de espera Preparacién Aceleracion Punto de impacto Terminacion

Figura 2. Fases de la derecha de tenis

Antes de realizar cualquier golpeo de tenis se debe partir de “posicién de
espera”. Dicha posicion, se caracteriza por tener las piernas abiertas a la
anchura de los hombros y las manos sosteniendo la raqueta a la altura de Ia
cintura. El cuerpo se inclina ligeramente hacia delante para concentrar el peso
en las puntas de los pies y asi tener una mayor capacidad de reaccién. La fase
de “preparacién” empieza con el movimiento del brazo dominante hacia atras
y la flexion de las rodillas y la cadera, de modo que el cuerpo se acelera en
direcciodn a la pista. A continuacion, se produce una deceleracién que provoca
un estiramiento de los musculos, que induce el almacenamiento de energia
eldstica en los segmentos implicados en el movimiento (39). La energia
almacenada ayuda al impulso de las extremidades inferiores hacia la pelota.
Esta fase presenta distintos patrones en funcién del jugador y su nivel de
juego, al igual que la fase de “toma de impulso” del saque. Desde la posicidn
anterior, se produce un giro del pie trasero y un movimiento hacia atras del
codo sincronizado con la rotacién del hombro, de modo que la raqueta queda
apuntado a la pelota que se aproxima. Luego, se cierra la cabeza de la raqueta

mientras el codo se eleva. A continuacion, el antebrazo y la raqueta giran
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alrededor del codo y el hombro (rotacién externa del himero), esto provoca

que la raqueta gire hasta una posicidn por encima del codo y el hombro (40).

La fase de “aceleracidn” empieza con el primer movimiento hacia delante
de la raqueta. La rodilla delantera y la cadera se extienden desde la posicién
de “preparacion” hasta el impacto. Al mismo tiempo, el hombro se eleva
ayudando a que la trayectoria de la raqueta tenga una linea ascendente. Se
produce una rotacion del tronco y un impulso de las extremidades inferiores
gue provoca un aumento del giro de hombro dominante que ayuda a la
aceleraciéon de la raqueta hacia delante. Durante esta fase, se produce una
transmisién de los pesos hacia el pie mas adelantado. Finalmente, el codo se
extiende y el angulo de la mufieca disminuye justo antes del impacto. En este
momento, se registran en el antebrazo las velocidades angulares maximas del
gesto técnico (39).

I "

Tras el “impacto” la raqueta pierde aproximadamente el 80% de su
velocidad, entrando asi en la fase de “terminacidon”, donde se produce una
deceleracion gradual de los segmentos mientras que la pierna trasera se
adelanta y se vuelve a colocar al nivel del pie delantero, quedando el jugador
preparado para en el siguiente golpeo (“posicion de espera”). Se debera tener
en cuenta que el gesto técnico desarrollado podria cambiar en funcién del
efecto deseado, la direccién de la pista a la que se quiere enviar la pelota o el

nivel de juego del jugador ya que se ha demostrado que afectan

significativamente a la biomecanica de la derecha de tenis (36—40).

1.2.3. Revés a unay dos manos

A pesar de que la derecha permite generar mas velocidad, efecto y
precision después del golpe que el revés, este también es uno de los tres tipos
de golpeo principales del tenis (saque, derecha y revés) y estd cobrando cada
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vez mds importancia en el tenis moderno (41-43). Para un jugador la eleccion
de usar el revés a una (SH) o dos manos (DH) es un punto clave, ya que en
funcién de esta decisién alcanzard una mayor o menor eficiencia biomecanica
en base a sus caracteristicas (26). Al igual que la derecha, ambos tipos de
revés se realizan en tres fases: “preparacidon” comienza con el movimiento de
la raqueta hacia atras y finaliza cuando la raqueta invierte su direccidn
moviéndose hacia delante; “aceleracion” que acaba en el momento del
impacto de la raqueta con la pelota; “terminacién” que implica detener el

movimiento progresivamente una vez se ha golpeado la pelota (figura 3) (44).

P. Espera Preparacion Aceleracion P. De impacto Terminacion

Figura 3. Fases del revés a una y dos manos de tenis
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El DH es el revés que suelen elegir los jugadores de fondo, es decir, que
prefieren que los peloteos sean largos y evitan subir a la red con mucha
frecuencia. En cambio, SH lo suelen utilizar jugadores mads versatiles ya que
con él se consiguen mas facilmente golpes de aproximacion a la red (26). Por
otro lado, DH se utiliza mds durante las fases de iniciacion ya que requiere
menos fuerza que el SH (45). Otro factor que favorece la seleccion del DH en
jugadores principiantes adultos es que el SH es mas susceptible a la lesién
“codo de tenista” (45, 46). En cambio, no se han demostrado diferencias en

términos de precision y velocidad de pelota entre ambos tipos de revés.

Se han demostrado diferencias biomecanicas significativas entre ambos
tipos de revés en términos de parametros cinéticos y cinematicos (47). EI DH
produce mayores movimientos de rotacion (rad/s) sobre el eje longitudinal
durante la fase de “preparacidon”, ya que este tipo de revés genera mayores
rotaciones de tronco y rotaciones externas del brazo y antebrazo que el SH
(48). En cambio, el revés a una mano registra picos de velocidad angular
(rad/s) mayores sobre el eje transversal del movimiento en el brazo y
antebrazo del jugador, lo que se traduce en una mayor extensiéon del
antebrazo durante la fase de “terminacion” del gesto técnico (49).
Finalmente, como se puede apreciar en la figura 3, el punto de impacto es

mas adelantado respecto al tronco en el SH que en el DH (50).

1.3.  FISIOLOGIA DEL TENIS

El tenis se caracteriza por esfuerzos de alta intensidad como cambios de
direccién, aceleraciones, desaceleraciones e implicaciones de la parte
superior del brazo dominante. Los esfuerzos de alta intensidad se intercalan
con periodos de baja intensidad de duracion variable (recuperacion activa

entre puntos de 20s y periodos sentados de entre 90s y 120s durante los
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cambios de campo) (51-53). Ademas, se requiere del jugador un rdpido
procesamiento perceptivo-motor y una ejecucién técnica con la mayor
combinacidn posible de velocidad y precision resultante de la pelota (51-53).
Desde un enfoque fisiolégico, el tenis supone ejercitarse a intensidades
medias en torno al 70-90% de la frecuencia cardiaca maxima (FCmax) y al 50-
60% del consumo maximo de oxigeno (VO2max), aunque estas estimaciones
medias pueden verse afectadas por rallies de larga duracién, el tipo de pista

o pelota (aumento de la FCmax y VO2max) (42, 52, 54).

Como ya se ha explicado, el rendimiento en tenis tiene un cardcter
multifactorial. Durante un partido los elementos fisioldgicos, biomecanicos,
psicoldgicos y perceptivos se integran determinando el resultado del partido.
Ademas de las variables de rendimiento, influyen las condiciones ambientales
como la superficie de juego, duracién de los partidos y estrategias de juego.
La combinacién de todas las variables anteriores provoca en los jugadores una
tension fisiolégica que evoluciona involuntariamente (fatiga, hipertermia,
deshidratacion o hipoglucemia) (55). Dichas alteraciones homeostaticas
suelen afectar directamente al desarrollo de los partidos tanto a nivel
recreacional como competitivo (56). Por lo tanto, se hara de vital importancia
el analisis fisiolégico de nuestros jugadores durante los entrenamientos y

partidos.

En el presente trabajo, la variable fisiolégica que sera objeto de estudio y
analisis es la frecuencia cardiaca. La eleccién de la frecuencia cardiaca como
variable fisioldgica clave se basa en su capacidad para proporcionar
informacidn crucial sobre la respuesta cardiovascular del organismo durante
la practica del tenis (57). La frecuencia cardiaca es un indicador sensible y
rapido de la demanda cardiovascular, reflejando la intensidad del esfuerzo

fisico en tiempo real. En el contexto del tenis, un deporte dindmico y exigente
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desde el punto de vista cardiovascular, la frecuencia cardiaca se convierte en
un marcador valioso para evaluar el esfuerzo fisico y la respuesta del sistema
cardiovascular durante diferentes fases del juego, como el calentamiento, la
parte principal y la vuelta a la calma (entrenamientos), e incluso durante los
partidos de competicion (57, 58). La monitorizacion continua de la frecuencia
cardiaca en el tenis también puede contribuir a la prevencién de lesiones y al
ajuste del nivel de esfuerzo segun las capacidades individuales de los
jugadores (59). Asimismo, puede proporcionar datos valiosos para
comprender mejor la respuesta cardiovascular ante factores como el estrés
competitivo, la fatiga y otros elementos psicofisiolégicos relacionados con la

practica del tenis (59, 60).

1.4. PROCESOS DE ENSENANZA-APRENDIZAJE DE LA TECNICA EN
TENIS

Se ha demostrado que para llegar a ser profesional o conseguir un
rendimiento de competicidn en tenis se necesitan anos de practica sostenida.
Ademas, existen escasas soluciones que reduzcan ese tiempo de adquisicion
de la excelencia deportiva (61). Con el objetivo de producir mas y mejores
jugadores los cientificos de ciencias del deporte han buscado intensamente
los ingredientes que mejoren el rendimiento y salud de los jugadores tanto
en iniciacion como élite. Se publican multitud de articulos analizando la
biomecanica y fisiologia del tenis, sin embargo, el analisis de otras disciplinas
implicadas como el aprendizaje motor y la psicologia han recibido menos
atencién en investigacion comparativamente (57, 58). La creacidon de
enfoques modernos en el desarrollo de planes de entrenamiento de tenis se
vuelve de vital importancia para mejorar los niveles de coordinacién y

motivacion de los jugadores. Ademas, ayudan a los entrenadores a proyectar
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de forma mas adecuada los aspectos para incluir y mejorar sus planificaciones

deportivas (62).

En conjunto, la forma en que el entrenador estructura la practica,
presenta la informacién y da feedback a los jugadores puede considerarse “su
enfoque de entrenamiento” (61). La Federacidén Internacional de Tenis (ITF)
en su libro “Advanced Coaches Manual” distingue entre los siguientes
enfoques de entrenamiento de tenis: estilo de ensefianza prescriptivo o por
descubrimiento; método de ensefanza global o analitico; tipo de liderazgo
gue incluye autoritario, cooperativo y casual (63). En resumen, la literatura
actual divide entre entrenamiento prescriptivo, por descubrimiento o
combinaciones de ambos. En su estudio de William et al. (64), demostraron
gue tanto la instruccion prescriptiva como por descubrimiento guiado tienen
éxito mejorando la capacidad de reaccidn, anticipacién y precisién de golpeo
en una muestra de jugadores jovenes en fase de iniciacion. En cambio,
Smeeton et al. (64) también compararon ambos enfoques en relacién a la
capacidad anticipatoria y coordinacion motora en una muestra de jugadores
jovenes de nivel intermedio, obteniendo que el grupo instruido mediante
aprendizaje guiado y aprendizaje por descubrimiento tuvo respuestas

significativamente mas rdpidas que el grupo con enfoque prescriptivo.

Se ha demostrado que la incorporacién en los planes de entrenamiento
de tareas que impliqguen coordinacién motora (62) y fomento de la
motivacion (65) en edades tempranas de aprendizaje pueden mejorar la
condicion fisica, ejecucion técnica de los distintos golpeos y el clima
motivacional en tenis. En conclusidon, cuando se disefia un plan de
entrenamiento en tenis se debera abordar desde un enfoque integral que
incluya todas las necesidades especificas de nuestros jugadores para que asi

puedan mejorar su juego de forma eficaz (figura 4).
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Enfoque entrenamiento

Prescriptivo o descubrimiento, tipo de
liderazgo, estilo de ensefianza

Contexto
socioecondmico,
nstalaciones, material
mterferencias. __

Factores psicologicos
tdcticas de juego,
motivacién, estrés. ..

Optimizacién del
aprendizaje del tenis

Factores fisicos
Coordinacion, flexibilidad, velocidad,

resistencia, c. de reaccion, anficipacion. ..

Figura 4. Diagrama de las variables principales para la optimizacién del aprendizaje del tenis

1.5. NUEVAS TECNOLOGIAS APLICADAS AL TENIS

Nuestro mundo actual estd dominado por las nuevas tecnologias, vivimos
en la denominada “revolucion digital” donde practicamente todas las
personas hacen uso de la tecnologia en algun contexto de sus vidas. Su uso
en las Ultimas décadas, es cada vez mdas emergente en los distintos deportes
ya que bien utilizadas, las nuevas tecnologias pueden constituir nuestra mejor
herramienta para mejorar el rendimiento y salud (prevencién de lesiones

musculo-esqueléticas) de nuestros deportistas (66).

En ciencias del deporte, existen dos tipos de tecnologias en funcién de su
portabilidad: tecnologias portables o wearables y no portables. Se entiende
por tecnologia portable o wearable (vestible) todos aquellos dispositivos
electrénicos que se usan en el cuerpo humano y que interactdan con otros
aparatos para transmitir o recoger algun tipo de datos. Ademads, es aquella

gue se puede utilizar en situaciones ecoldgicas, es decir, en situaciones reales
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de juego. Un ejemplo muy utilizado de wearable lo constituyen los relojes
inteligentes y las pulseras de actividad. Por ejemplo, un reloj deportivo
colocado en la mufieca de nuestro tenista durante un entrenamiento o
partido. En cambio, se entiende por tecnologias no portables aquellas que no
tienen posibilidad de usarse en situaciones de campo. Por lo tanto, se utilizan
en contextos de laboratorio. Por ejemplo, realizando un analisis biomecdanico
de nuestro jugador mediante fotogrametria 3D. Si se comparan las ventajas e
inconvenientes de cada una de ellas tenemos que las tecnologias portables
tienen mayor portabilidad, facil configuracion y uso y un menor coste

econdmico, mientras que las tecnologias no portables, son mas precisas (67).

Cada vez es mas frecuente el uso de las nuevas tecnologias por parte de
entrenadores, jugadores, sanitarios y cientificos en tenis (68-71).
Actualmente, se utilizan para analizar cualquier variable del juego y del
jugador: andlisis cinematico (50) y cinético (72) de la técnica de los distintos
golpes del jugador; fomento del rendimiento (73) (velocidad de pelota y
precision); monitorizacién de parametros fisioldgicos (74) (carga externa e
interna, frecuencia y variabilidad cardiacas); reduccién del riesgo de lesién
musculo-esquelética (75); analisis y creacidn de tdcticas de juego (76). Son
muchas las marcas que lanzan al mercado soluciones tecnoldgicas para los
cometidos anteriores. Las nuevas tecnologias han de utilizarse con cautela ya
gue antes de usarlas de forma aplicada deben ser validadas previamente
frente al gold estandar (77) para asegurar que los datos que proporcionan

sean validos y fiables.

Los sistemas 6pticos de captura de movimiento (OS) son ampliamente
utilizados en tenis y son el gold estandar para medir parametros cinematicos.
De hecho, estos sistemas tienen un error de medicién inferior a 0.5 mm en la

mayoria de los casos (78) y son ampliamente utilizados en diversas
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aplicaciones, como animacién, biomecdnica, deportes, medicina,

entretenimiento y simulacion. Suelen incluir 3 componentes:

Camaras infrarrojas y de rango visible: Se colocan varias cdmaras
alrededor del drea de interés para capturar el movimiento desde
diferentes angulos. Estas cdmaras en la mayoria de los casos son de

alta velocidad y alta resolucién para obtener datos precisos.

Marcadores reflectantes o dispositivos de seguimiento: Los sujetos
u objetos que se monitorizan llevan marcadores reflectantes u otros
dispositivos que son facilmente detectables por las cdmaras. Estos
marcadores pueden ser colocados en puntos especificos del cuerpo

o el objeto que se quiere rastrear.

Software de andlisis: la informacion capturada por las cdmaras se
procesa a través de un software especializado que reconstruye la
posicidn tridimensional de los marcadores en tiempo real. Este
software puede proporcionar datos detallados sobre el movimiento,
como la velocidad, la aceleracién, y los angulos articulares en el caso

de estudios biomecanicos.

A pesar de la alta precisidn de los OS presentan una dificultad afiadida

para usarlos fuera de un laboratorio (79). En este punto, se vuelve necesaria

la utilizacion de tecnologias con mayor portabilidad que nos permitan

obtener datos en situaciones reales de juego (wearables) (80). Teniendo en

cuenta lo anterior, la presente tesis se centrara en las de tecnologias

portables o wearables, partiendo de su validacién en caso de que aun no esté

realizada y continuando a su aplicacidon en contextos ecoldgicos.

Una de las tecnologias wearables mas utilizadas en tenis son las unidades

de medida inercial (IMUs) (62, 63, 77). Los IMUs se utilizan para el andlisis
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cinematico de los distintos golpes de tenis en situaciones reales de juego (81).
Son pequenos dispositivos que se colocan en los segmentos corporales que
estemos interesados en monitorizar y estan compuestos de tres
componentes: magnetdometro, acelerémetro y girdscopo. A partir de sus tres
componentes pueden calcular aceleraciones (m/s?), velocidades angulares
(rad/s) e incluso angulaciones articulares en los tres ejes del espacio si se
combinan varios IMUs (figura 5) mediante el uso de algoritmos de fusion de
sensores (82). Algunas de las marcas fabricantes de IMUs con mas prestigio
cientifico son Xsens® (83) y Nexgen® (67) ya que se ha comprobado su validez
y fiabilidad en tenis frente al gold estandar (OS). Una importante alternativa
a ellos son los sensores NOTCH®, cuyo eso estd menos extendido, pero
cuentan con prestaciones similares o superiores y por un precio menor.
Aunque los sensores NOTCH® constituyen una alternativa “low cost” respecto
al resto de marcas del mercado, estos aun no tienen testada su validez y
fiabilidad en tenis. En la presente tesis se hara uso tanto de los sensores
Nexgen® como NOTCH®. Otro aspecto a tener en cuenta para usar los IMUs en
analisis cinematicos de tenis sera la frecuencia de muestreo que sean capaces
de alcanzar ya que el tenis es un deporte explosivo donde los segmentos
corporales llegan a alcanzar los 2000 grados por segundo durante los

momentos previos al impacto con la pelota (84).

La frecuencia de muestreo se puede definir como el nimero de muestras
por segundo recogidas por un determinado sistema procedentes de una seiial
analdgica continua (85). La frecuencia de muestreo ha sido una preocupacion
tradicional para los investigadores de ciencias del deporte (91, 92). Desde una
perspectiva tedrica, la tasa de muestreo 6ptima deberia calcularse siguiendo
el teorema de muestreo de Nyquist—Shannon, que establece que, en una

conversién de analdgico a digital, la frecuencia de muestreo minima necesaria
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para evitar ambigliedades y pérdida de informacidn en la reconstruccién de

la seial analdgica original es igual al doble de su frecuencia maxima (85).

Desde un punto de vista operativo, la frecuencia de muestreo suele
seleccionarse mediante el uso de un sistema de referencia y evaluando el
equilibrio de error de la sefial en relacién con las tasas de muestreo (93, 94).
No existen estudios que analicen la influencia de la frecuencia de muestreo
en la precision de IMUs para medir variables cinematicas, en el caso particular
del tenis (66). En esta linea, algunos autores sugieren que una frecuencia de
muestreo de 200 Hz es la recomendada para analizar la cinemdtica en golpes
de tenis (90), pero este asunto no ha sido analizado en profundidad. De
hecho, los estudios de validacion de IMUs en tenis han utilizado una Unica
frecuencia de muestreo, coincidiendo con el rango maximo de muestreo de
los dispositivos evaluados. Por ejemplo, Pedro et al. (83) analizaron el sistema
Xsens® MVN a 240 Hz, mientras que Delgado-Garcia et al. (67) evaluaron el

sistema Nexgen® Ergonomic a 128 Hz.

La aplicacion de los IMUs no solo posibilita el andlisis de la técnica de
golpeo de los tenistas, sino que también contribuye a reducir el riesgo de
lesiones musculo-esqueléticas al permitir la deteccién de acciones
ineficientes en las articulaciones (91). La utilizacién de IMUs se revela como
una herramienta integral para la evaluacién biomecanica, ofreciendo
indicadores valiosos que pueden ser fundamentales tanto para la mejora de
la técnica como para la prevencidon de posibles lesiones. Este enfoque
integral, centrado en la cinematica y la seguridad musculo-esquelética,
destaca la versatilidad y utilidad de los IMUs en el contexto especifico del

tenis.
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Acelerometro (m/s?)  Giréscopo (rad/s) Magnetémetro

Figura 5. Representacion de los tres componentes de un IMU, sus ejes de coordenadas y
unidades de medida

Otro de los wearables mas utilizados en tenis son los relojes deportivos
dotados de fotopletismografia (PPG) (92). La PPG se basa en un sistema 6ptico
no invasivo de medicién de la frecuencia cardiaca mediante la deteccion de
cambios del volumen sanguineo en puntos periféricos del sistema
cardiovascular (93). Este sistema estd compuesto de dos componentes, una
fuente de luz y fotorreceptor que recibe la luz reflejada detectando asi los
cambios de volumen en el torrente sanguineo (figura 6). Al igual que los
sensores inerciales, existen multitud de marcas que sacan al mercado este
tipo de dispositivos (Xaomi®, Polar®, Suunto®, Garming®, etc.), pero no en
todos se ha testado la validez y fiabilidad de los datos que aportan, por lo cual,
se deberdn llevar a cabo las validaciones pertinentes antes de utilizarlos de
forma aplicada. Para ello, se medira el grado de acuerdo de los datos que
reportan con el gold estandar de medicién de frecuencia cardiaca que en este
caso serian los electrocardiogramas (ECG) (94). A pesar de que los ECG tienen

testada su alta precision presentan dificultad para utilizarlos en situaciones

50 | INTRODUCCION GENERAL



Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

reales de juego como la mayoria de tecnologias no portables (94). Los
sistemas PPG nos permiten monitorizar la frecuencia y variabilidad cardiaca
en situaciones ecoldgicas, por lo tanto, pueden facilitar a entrenadores el
control de la carga interna de sus tenistas tanto en competicion como en los
entrenamientos y asi optimizar su programa de entrenamiento a lo largo de
la temporada (95). En cambio, la principal desventaja de los sistemas PPG es
gue se ven afectados por los movimientos corporales e incluso por el tono de

la piel (96) lo que hace aun mas necesaria su validacion antes de usarlos.

Venas y arterias

=
A
| Fotorreceptor | (‘—I

Figura 6. Representacion del funcionamiento de un sistema fotoplestimografico

Existen otras tecnologias que estan influyendo en el tenis, que no se han
utilizado de forma directa, pero que merece la pena comentar dada su

relevancia:

e Raquetas y sensores inteligentes: existen raquetas y sensores que
recopilan datos durante el juego. Estos dispositivos pueden medir

variables como la velocidad de golpeo, el angulo de impacto, efecto
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y fuerza aplicadas, identificacién del tipo de golpe, entre otros
pardmetros. La informacién que recopilan sirve de ayuda a los
jugadores y entrenadores a analizar y mejorar su rendimiento.
Algunos ejemplos existen en el mercado son: Babolat Play®, Sony

Smart Tennis Sensor®, Clipp®, Zepp Tennis® y Head Tennis Sensor®.

e Sistemas de rastreo de la pelota: Mediante el uso de cdmaras y
sistemas de seguimiento de movimiento, se puede realizar un
seguimiento preciso de la trayectoria de la pelota durante el juego.
Esto no solo ayuda en la toma de decisiones de los arbitros, sino que
también proporciona datos valiosos para el andlisis del juego
(errores no forzados, winners, etc.). El ejemplo, en este caso, mas
conocido en tenis es el “Hawk-Eye”, utilizado en la mayoria de tornes

de la ATP.

e La realidad virtual y la realidad aumentada: la realidad virtual y la
realidad aumentada se utilizan para crear experiencias inmersivas de
entrenamiento (97). Los jugadores pueden practicar en entornos
virtuales que replican situaciones de juego real, lo que les permite
mejorar sus habilidades y reacciones en un entorno controlado. Un

ejemplo del mercado es Virtual Reality Tennis® (VTR).

e Inteligencia artificial: Los sistemas de inteligencia artificial se utilizan
para analizar patrones de juego, identificar areas de mejora
personalizadas y proporcionar recomendaciones especificas para un
entrenamiento individualizado (98). Oracle® es un ejemplo de
compaiiia que ha trabajo en conjunto con la ATP para desarrollar

sistemas de inteligencia artificial que analizan datos y proporcionan
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indicadores de utilidad para planificar el entrenamiento de los

tenistas.

Las tecnologias anteriores estan transformando la forma en que se juego
y se entiende el tenis, proporcionando a los jugadores herramientas
avanzadas para mejorar su rendimiento y ofreciendo a los aficionados

experiencias mas envolventes.

Como podemos observar la aplicacion de la tecnologia informatica al
deporte es cada vez mas frecuente (99). Dicha aplicacién incluye adquisicidn,
modelado y analisis de datos computacional, computadores moéviles y redes
de la tecnologia de la informacion (103, 104). Los asesores virtuales son un
tutor que muestra ejemplos y realiza demostraciones, empleando: infografias
3D con actores sintéticos (avatar 3D); realidad aumentada; realidad virtual;
proporciona biofeedback a tiempo real de indicadores de salud vy
rendimiento; gestiona alertas y avisos, en caso de consecucién de hitos o bien
cuando se superen umbrales; interacciona con los wearables; gestiona
refuerzos positivos (102). Existen trabajos previos en la bibliografia que
utilizan asistentes virtuales en deporte, como es el caso de aplicaciones
utilizadas para optimizar el rendimiento en rugby, boxeo, karate y balonmano
(102-104) pero aun no existe ninguna solucién en el mercado de aplicaciones

gue lo haga en tenis.

Las antiguas limitaciones de hardware y software, obligaban a los
entrenadores a utilizar el método tradicional de andlisis de video para analizar
la técnica y tacticas de sus jugadores. Sin embargo, el andlisis de video esta
muy limitado por la perspectiva de la cdmara durante la grabacién, lo cual
impide la interactividad, algo extremadamente importante si se necesita

recoger los momentos claves dentro de un gesto técnico concreto, por
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ejemplo (102). Ademas, el andlisis de video solo permite analizar acciones que
tuvieron lugar en un tiempo determinado. Las mejoras de la tecnologia y la
potencia de procesamiento permiten que los asesores virtuales superen las
anteriores limitaciones al proporcionar demostraciones a tiempo real vy

entornos inmersivos e interactivos (102).

Lo desarrollado en el parrafo anterior, supone la justificacién del
desarrollo de una aplicacién basada en asesores virtuales, enfocada en el
aprendizaje integral del tenis. Debido a que presenta multiples ventajas
respecto a los tradicionales analisis de video convencional. Dicha aplicacién
aprovecha las funcionalidades de los asesores virtuales como una solucién
innovadora para mejorar la técnica y las tdcticas en el tenis, ofreciendo una
experiencia de aprendizaje integral (biomecdnica, fisiologia y psicologia) que
aborda las demandas especificas de este deporte de manera mas efectiva

(102).
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2. OBJETIVOS

El objetivo general de la presente tesis doctoral fue analizar la eficacia del
empleo de tecnologias portables para la monitorizacién de indicadores de
rendimiento y salud en tenistas, mediante la medicién de variables
biomecanicas y fisioldgicas en situaciones reales de juego e incluyendo

participantes de todos los niveles de juego durante la practica del tenis.

Para la consecucién del anterior objetivo general se proponen los
siguientes objetivos especificos, desde un enfoque multidisciplinar, que
permita la creacién de una aplicacion de evaluacidon integral del tenista,

basada en el uso de asesores virtuales.
2.1. OBIJETIVOS ESPECIFICOS

Los dos siguientes objetivos especificos se centraron en la validacién de
tecnologias wearables utiles para la evaluacién biomecanica y fisioldgica del

tenista:

e Analizar la validez concurrente del sistema PPG Polar Precision
Prime® midiendo la frecuencia cardiaca durante una sesién de

entrenamiento de tenis (estudio 1).

e Examinar la validez y fiabilidad de los IMUs NOTCH® para medir
angulaciones de codo durante derecha de tenis a diferentes

frecuencias de muestro (100 Hz, 250 Hz y 500 Hz) (estudio 2).

Una vez evaluada la validez y fiabilidad de los sistemas wearables, se
continud con su aplicacion en situaciones reales de juego con el objetivo de

obtener conclusiones de valor para el ambito cientifico de la biomecanica:
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Comparar la cinematica angular y la Cl de miembros superiores entre
el revés a una y dos manos de tenis en una muestra de jugadores de
competicion mediante el uso de girédscopos. Ademas de comparar las
velocidades de pelota y precision obtenidas por ambos tipos de revés

(estudio 3).

Analizar la variabilidad motora intrasujeto de los principales golpes
de tenis (es decir, golpes de fondo y saque) en funcién del nivel de

juego y el segmento corporal implicado (estudio 4).

Teniendo en cuenta los resultados y conclusiones de todos los objetivos

especificos anteriores se paso a realizar el desarrollo tecnoldgico:

Desarrollar e implementar un asesor virtual de tenis en un entorno

Android®, aportandole toda la experiencia previa de los estudios.

Finalmente, para la consecucidn de los objetivos anteriores se plantean

los siguientes objetivos transversales.

2.2,

OBJETIVOS TRANSVERSALES

Crear un protocolo de evaluacion de tenistas basado en un test de
golpeo en pista que incluya la monitorizacion mediante wearables

para el desarrollo de los estudios 3y 4.

Crear una base de datos de referencia que incluya aspectos
biomecanicos y fisioldgicos con los estudios desarrollados para su
posterior inclusién en la aplicacidon basada en el entrenador virtual
de tenis. Con el objetivo de que el asesor pueda detectar en un
futuro indicadores de rendimiento y salud de gran utilidad para

entrenadores y cientificos
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3. CONSIDERACIONES METODOLOGICAS GENERALES

3.1. PARTICIPANTES Y PROCEDIMIENTOS

La muestra total de tenistas medidos en el presente trabajo fue de 110
(102 hombres y 8 mujeres) repartidos en los distintos estudios (tabla 1). En
todos los estudios se utilizé el International tennis number para establecer el
nivel de juego de los jugadores (105). Dicha clasificacion ordena en una escala
del 1 al 10 a los jugadores, existiendo 5 categorias: 1 jugadores profesionales
gque participan en torneos de la ITF; 2-4 tenistas de nivel avanzado que
participan en competiciones regionales; 5-6 jugadores de nivel intermedio
gue practican tenis al menos dos veces por semana; 7-8 tenistas de nivel
intermedio que juegan a tenis al menos dos veces al mes; 9-10 jugadores que
acaban de iniciarse en la practica del tenis. Para conocer mas detalles sobre
el International Tennis Number se debe visitar la pagina oficial de la ITF:
https://worldtennisnumber.com/eng/your-number. En los casos en los que la
composicidn corporal de los participantes fue de interés se medié mediante
bioimpedancia (estudios 1-4) (Inbody 230°, Inbody, Seoul, Korea). El cual
reportaba de forma automatica un informe de composicién corporal que se
entregd a los sujetos evaluados en los distintos estudios de la presente tesis

(anexo 5) a modo de reclamo y compensacion.
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Tabla 1. Distribucion de los participantes en los distintos estudios de la presente tesis y
clasificacion por género, lugar de realizacidn y nivel de los jugadores

Estudios Muestra Género Zona de Nivel*
Masculino Femenino realizacion

Estudio 1 40 32 8 Pista de tenis Todos

Estudio 2 15 15 0 Laboratorio Campeticién

Estudio 3 20 20 o  Testdegolpeo competicion
en pista

Estudio 4 34 34 0 Test de golpeo |ntermedio
en pista

Desarrollo 1 1 0 Laboratorio Competicién

tecnolégico

Los participantes fueron informados sobre los objetivos de la
investigacion en cada caso y firmaron un consentimiento informado (anexo
1) antes de realizar cualquier tipo de prueba. Se informo a los participantes
gue podian renunciar a su intervencién en cualquier momento. Los tenistas
fueron tratados segun las directrices de la Asociacion Estadounidense de
Psicologia (APA) que garantizaba el anonimato de todas sus respuestas.
Ademas, todos los estudios se realizardn siguiendo los principios éticos de la
Declaraciéon de Helsenki para investigacion con humanos y fueron aprobados
por el comité de ética de la Universidad de Granada (Ref. 912/CEIH/2019)
(anexos 2 y 4). Los criterios comunes de inclusién de la muestra fueron: i)
reportar una vision normal y no tener antecedentes de deterioro
neuropsicolégico que pudiese afectar al resultados de los estudios, (ii) no
haber sufrido ningln tipo de lesidén en los dos meses previos a la realizaciéon

del estudio, (iii) no haber realizado actividad fisica intensa en las 48 horas
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previas a la participacién en la investigaciéon y (iv) firmar el consentimiento

informado.

Durante las tomas de datos de la presente tesis los tenistas siempre
utilizaron su propia raqueta. Se llevé a cabo una revisidon de las raquetas
utilizadas por cada participante para garantizar que estuviesen en buen
estado en funcién de las directrices de la ITF (106). En cuanto a las pelotas,
siempre se utilizd el mismo modelo (Wilson Pro Trainer, Wilson Sporting
Goods, Chicago, United States), siendo cambiadas por otras nuevas cada 5
participantes evaluados. Los estudios donde se realizé test de golpeo en pista
(estudios 3 y 4), se adapté el Loughborough Tennis Test (107) en funcion de

las necesidades especificas del estudio (figura 7).

Figura 7. Test de golpeo realizado para los estudios 4 y 5. *1: Diana de saque; 2: zona de
precision baja de golpes de fondo; 3: zona de precisién media de golpes de fondo;
4: Zona de precision maxima de golpes de fondo; 5: maquina lanza-pelotas; 6:
investigador; 7: CAmara cenital registrando el bote de la pelota; 8: Camara GoPro
sincronizada con los IMUs colocados al jugador; 9: jugador golpeando; 10:
investigador
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En la tabla 2 se pueden observar las distintas variables, estudios donde se

utilizaron, su unidad de medida y sistema de obtencidn del presente trabajo.

Tabla 2. Variables, unidades de medida y sistema de obtencidn de la presente tesis

Variable Unidad de medida Estudio Sistema
Frecuencia Pulsaciones por Estudio Reloj deportivo y banda
cardiaca minuto (PPM) 1 pectoral
Velocidad angular  Rad/s Estudios Sensores inerciales
(w) 2,3y4
Pico de velocidad  Rad/s Estudio Sensores inerciales
angular ((l)peak) 3 y 4
Velocidad angular  Rad/s Estudios Sensores inerciales
resultante (Rw) 3y4
Coordinacion Distancia en n2 de Estudio Sensores inerciales
intersegmentaria  muestras al Wpeakdel 3

antebrazo
Angulaciones Grados (°) Estudio Sensores inercial y
articulares 2 sistema 3D
Velocidad de la Km/h Estudios Radar de velocidad
pelota 3y4
Precisidn de % respecto al total Estudios Registro del bote de la
golpeo 3y4 pelota
Variabilidad CV (%) de los wpeak Estudio  Sensores inerciales
motora 4

*Véase la seccidon de resultados para mayor detalle de cada variable utilizada
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3.2. INFRAESTRUCTURAS Y TECNOLOGIAS UTILIZADAS

La presente tesis doctoral se llevd a cabo dentro del grupo de
investigacion CTS-545 “Human and Motion Lab”
(https://www.humanlabugr.com/). El grupo CTS-545 tiene sus dos
laboratorios (Human Lab y Motion Lab) repartidos en dos sedes, una
principal, el Human Lab, ubicada en el Instituto Mixto Universitario de
Deporte y Salud (iMUDS) y otra secundaria, Motion Lab, localizada en el
edificio de servicios generales de la Facultad de ciencias de la salud (a escasos
500 m de la sede principal). Tanto Human como Motion Lab cuentan con
instalaciones y tecnologias de evaluacién biomecdnica y fisioldgica del

deportista punteras a nivel nacional.

El iMUDS es una institucién multidisciplinar de transferencia que cuenta
con diversas unidades de investigacion en actividad fisica y salud. Ademas,
cuenta con una pista de tenis indoor reglamentaria de tipo A (106), donde se
llevaron a cabo la mayoria de tomas de datos de la presente tesis,
exceptuando aquellas que requerian de un laboratorio provisto de
tecnologias no portables (véase la seccion de resultados para ampliar la

informacion metodoldgica especifica de cada estudio).
3.2.1. Human Lab

En Human Lab se utilizé su zona de captura de movimiento 3D (estudio 2)
equipada con el OS Qualisys’ (Qualisys’, Gothenburg, Sweden) (Figura 8).
Dicho sistema estd compuesto por 9 cdmaras infrarrojas de alta velocidad
(Ogus 300, Qualisys, Sweden) y su software de procesado Qualisys Track

Manager (versién 2.17, Qualisys, Gothenburg, Sweden). EI OS Qualisys’
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alcanza una frecuencia de muestreo de 500 Hz y se considera uno de los gold

estandar para captura de movimiento 3D (108-110).

Figura 8. Zona de captura de movimiento (Qualisys®) del Human Lab

3.2.2. Motion Lab

El Motion Lab se utilizé durante la fase final de elaboracion de la presente
tesis (desarrollo e implementacion de un asesor virtual de tenis en aplicacion
Android). Estas instalaciones cuentan con una zona de captura de movimiento
3D equipada con el OS OptiTrack” compuesto de 24 cdmaras infrarrojas de
alta velocidad (figura 9) y su software de procesado Motive 3.1. Dicho
sistema, también se considera gold estandar de captura de movimiento 3D

(111).
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Figura 9. Zona de captura de movimiento (OptiTrack®) del Motion Lab

Todo el proceso de creacién e implementacién del asesor virtual de tenis
se realizd en las instalaciones del Motion Lab mediante el siguiente
procedimiento: se capturd al modelo humano que posteriormente seria el
avatar mediante el escédner de luz estructurada ArtecEVA® (figura 10). A
continuacion, se pasd al procesamiento del asesor virtual mediante el
software Artec Estudio Profesional 13°, que aporté la maya, textura y
geometria. Los pequefios detalles del modelo (barba, pelo, manos, etc.) se
refinaron y aplicaron con el software Zbrush 2r8°. Finalmente, se le realizé el
rigging y skinning mediante el software Autodesk 3DS MAX"®, con el cual el

avatar quedd preparado para su implementacion.
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Figura 10. Proceso de escaneo del modelo para la creacion del asesor virtual mediante
escaner de luz estructurada ArtecEVA®

Una vez se tuvo lista la imagen del asesor virtual, se pasd a realizar las
capturas de movimiento haciendo uso del OS OptiTrack’. Dichas capturas
compondrian los futuros movimientos del asesor realizados por un jugador
de nivel competicion. Se utiliz6 un modelo de 50 marcadores, 2 clusters
(manos) y se introdujo un elemento rigido (7 marcadores) para crear la
ragueta del jugador (figura 11). Una vez se calibré el sistema (valores
residuales de las camaras inferiores a 0.4 mm) y se colocé el traje y los
marcadores al actor, se continué con la realizacién de las capturas. Se
capturaron los principales golpeos de tenis: derecha, revés a unay dos manos,
saque cortado, liftado y plano, cortado de derecha y revés y, por ultimo, la
volea tanto de revés como de derecha. Posteriormente, se exportaron los
gestos técnicos mediante el software Motive 3.1. en formato .FBX. Los
ficheros .FBX se insertaron en el asesor dotdndolo de la capacidad de

ejemplificar los principales golpes de tenis.
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| Clusters

Figura 11. Modelo de marcadores y elemento rigido utilizados para realizar las capturas de
movimiento 3D

Por ultimo, se realizé la implementacién del asesor virtual en un entorno
Android, donde se incorporaron las siguientes funcionalidades: insercion del
entorno (pista de tenis reglamentaria y pelota), ejemplificacion de los
distintos golpeos de tenis mediante seleccidn, la posibilidad de rotar Ia
camara para centrarse en momentos concretos de la realizacidén técnica y
planificacion del entrenamiento de la condicidn fisica del tenista mediante
sesiones de ejercicio ya creadas. El desarrollo de la aplicacién se realizé con

el Software Unity”.
3.2.3. Pista indoor reglamentaria de iMMUDS

En la pista de tenis del iMUDS (figura 12) se llevaron a cabo el resto de
tomas de datos de la presente tesis (estudios 1, 3 y 4) ya que requerian de

situaciones reales de juego y de la utilizacion de tecnologias portables o
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wearables (IMUs, radar de velocidad, maquina lanza-pelotas, relojes
deportivos y cédmaras GoPro®). Las tecnologias portables utilizadas se

describen con mayor detalle a continuacién:

Figura 12. Pista de tenis indoor reglamentaria (tipo A) del iMUDS

e Sensores inerciales Nexgen® Ergonomics 12M (128 Hz).

e Sensoresinerciales NOTCH® (Wearnotch, Notch Interfaces, Inc., New

Jersey, USA). Con una frecuencia de muestreo maxima de 500 Hz.
e Radar de velocidad Stalker Pro 11®, Stalker Radar, USA.
e Maquina lanzapelotas Lobster Gram Slam 4®, California, USA.
e Reloj deportivo Polar Ignite®.
e Reloj deportivo Polar V800® sincronizado con banda pectoral H10°.
e Camara GoPro Hero 4°.

e (Camara Panasonic HC-V160EC-K® (Panasonic, Japan).
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3.3. ANALISIS ESTADISTICOS

Los analisis estadisticos utilizados en la presente tesis se realizaron en
funcion de los objetivos concretos de cada estudio (véase la seccion de
resultados). Los softwares utilizados para la elaboracién de todas las tablas,

figuras, bases de datos y procesos estadisticos fueron los siguientes:
e |IBM SPSS Statistic 20 (Chicago, IL).

Software de andlisis estadistico R®.

e OriginLab 9 Northampton, (MA).

e Microsoft Excel 2017.

e Matlabv. 2015.

e Extension de excel Real Statistic Using Excel tool (112).
e Extension de Excel Biomechanics Toolbar (113).

e Software libre Psychometric (114).

e Visual 3D software (C-Motion Inc., Germantown, MD)
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4. RESULTADOS: ESTUDIOS DESARROLLADOS
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4.1. ESTUDIO 1: CONCURRENT VALIDITY OF THE POLAR PRECISION PRIME®
PHOTOPLETHYSMOGRAPHIC SYSTEM TO MEASURE HEART RATE
DURING A TENNIS TRAINING SESSION.

Este estudio ha sido publicado en la revista Proceedings of the Institution
of Mechanical Engineers, Part P: Journal of Sports Engineering and
Technology, en el afio 2023. Sus autores fueron: Emilio J. Ruiz-Malagén;

Santiago Castro-Infantes; Maximiliano Ritacco-Real; Victor M. Soto-Hermoso.
4.1.1. Resumen

Monitorizar la frecuencia cardiaca siempre ha sido importante para
entrenadores y deportistas. Se presupone que los sistemas
fotoplestimografico (PPG) son menos eficaces midiendo frecuencia cardiaca
en actividades con mucho movimiento de las extremidades superiores, como
el tenis. Asi, el objetivo de este estudio fue determinar la validez concurrente
del sistema Polar Precision Prime® (PPP®) existente en el reloj deportivo Polar
Ignite®. Las mediciones de frecuencia cardiaca media se realizaron durante
una sesion de entrenamiento de tenis, dividida en tres partes (calentamiento,
parte principal y vuelta a la calma) y un intervalo de 10 segundos. Se
compararon los datos con la banda pectoral Polar H-10° sincronizada con el
reloj deportivo Polar V800° (sistema de referencia). En el estudio participaron
un grupo de 40 tenistas (32 hombres y ocho mujeres). Se obtuvieron valores
medios, las diferencias entre sistemas y el error porcentual absoluto medio
(MAPE) (< 4.04 ppm; < 5.03 %), reportandose pequeiias diferencias en todas
las partes de la sesidn y en el intervalo de 10 s. El sistema PPP° demostré una
alta correlacién (r> 0.89) y un ICC excelente (ICC > 0.96) en todas las partes

de la sesidn excepto en el intervalo de 10 s donde el ICC fue bueno (0.85). El
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error sistematico y el error aleatorio durante el calentamiento y el intervalo
de 10 segundos fueron mayores (-0.99 + 6.02 ppm y -2.41 + 5.86 ppm,
respectivamente) que la parte principal y la vuelta a la calma (-0.51 + 1.16
ppm y -0.44 + 4.02 ppm, respectivamente). Los resultados sugieren que la
precision del sistema PPP° no se altera a pesar de los movimientos de las
extremidades superiores durante sesiones de entrenamiento de tenis de una
hora. En conclusion, el sistema Polar Ignite® PPG es una herramienta valida
para monitorizar la frecuencia cardiaca durante una sesién de entrenamiento

de tenis.

Palabras clave: reloj deportivo Polar Ignite®; mufieca; jugador de tenis;
deportes de raqueta; dispositivo vestible; monitorizacién de la frecuencia

cardiaca.
4.1.2. Abstract

Monitoring heart rates has always been important for coaches and
athletes. Photopletismographic systems (PPG) are supposed to be less
capable of determining heart rate measure in activities with high upper limb
movement, such as tennis. Thus, the aim of this study was to determine the
concurrent validity of the Polar Precision Prime® (PPP°) system existing in the
Polar Ignite® sports watch. This was accomplished by measuring averaged
heart rates during a tennis training session, divided in three parts (warm-up,
main-part and cool-down) and averaged per 10s-intervals by comparing data
with the Polar H-10° chest strap synchronised with the Polar V800° (criterion
measure). A group of 40 tennis players (32 males, eight females) took part in
the study. Mean average values and between-systems differences and Mean
Absolute Percentage Error (MAPE) were obtained (< 4.04 bpm; < 5.03 %),

reporting small differences in all session parts and 10s-intervals. The PPP®
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system reported high correlation (r> 0.89) and excellent ICC (ICC > 0.96) in all
session parts except the 10s-intervals where the ICC were good (0.85). The
systematic bias and random error during the warm-up and 10s-intervals were
greater (-0.99 + 6.02 bpm and -2.41 + 5.86 bpm, respectively) than the main-
part and cool-down (-0.51 + 1.16 bpm and -0.44 * 4.02 bpm, respectively).
Results suggest that the PPP® system precision is not altered despite upper
limb movements during one-hour tennis training sessions. In conclusion, the
Polar Ignite® PPG system is a valid tool for monitoring heart rate during a

tennis training session.

Palabras clave: Polar Ignite® multisport watch, wrist, tennis players, racket

sports, wearable devices, heart rate monitoring.
4.1.3. Introduction

Resting and exercise-related heart rate (HR) measurements have
received special interest in recent years and are considered potentially useful
within multivariate response monitoring, because they supply non-invasive
and time-efficient understanding about the status of the autonomic nervous
system and aerobic fitness. A comprehensive monitoring of fitness, fatigue,
and performance is essential for understanding an athlete’s individual
responses to training to optimize the strategy of scheduling training and

recovery (95).

Nowadays, traditional chest straps are giving way to a new method of
measuring HR called PPG. PPG is a non-invasive optical technique widely used
for studying and monitoring the pulsations associated with changes in blood
volume in a peripheral vascular bed (83, 139, 140). The system is composed
by two components: a light source and a photodetector that receives the light
that has been reflected, detecting the differences in fluid volume. As the heart
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beats, volume changes. A high blood volume causes less light to return to the
optical sensor, whereas a low volume increases the amount of returning light
(116). Over the past few decades, there has been a plethora of research in
the field of PPG with potential applications beyond pulse oximetry, especially
with the recent explosive growth of wearable technologies utilizing the
technique of PPG (117). Optical HR acquisition from PPG sensors is known to
be challenging (96). Indeed, one of the main challenges is the range of severe

interference effects caused by movement (118).

ECG are the gold standard for measuring HR and are widely used in sport
sciences (94). Despite the fact that ECG are an accurate tool to analyse HR,
they are difficult to use outside the laboratory. For this reason, validation of
more portable systems, such as PPG, is necessary to accurately evaluate an
athlete’s activities (94). PPG systems are a portable, easy to use and low-cost
alternative to the ECG. It is, therefore, desirable that improvements in PPG

HR estimation accuracy can be achieved (119).

Previous studies (120-122) analysed the concurrent validity of the Polar
H-10° chest strap synchronised with the Polar V800° (Polar Electro, Kempele,
Finland) compared to the gold standard ECG, noting that the Polar H-10" is a

valid tool to analyse HR frequency in an endurance exercise.

This work is focused on the PPG multisport watch called the Polar Ignite®
and its accuracy to measure HR during a tennis training protocol. This device
has a new PPG system called Polar Precision Prime” (PPP), which solves the
biggest problem of wrist optical HR monitors: inconsistent data from
excessive movement (123) by combining the PPG system with a 3D
accelerometer. Measuring the acceleration and the optical signal together

enables the device to differentiate between volumetric changes caused by
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the pumping heart from the changes caused by the movement of the hand
(124). Previous studies have analysed the validity of the Polar® PPG systems
in other sports like running on a treadmill (125), high interval intensity
training (126), swimming (127), sprint-based exercise (128) and at rest (129).
All the previous studies concluded that PPP® is a valid tool to measure HR
because it presents high levels of agreement with respect to the criterion
measures. However, no validations of the Polar Ignite® were found during
tennis practice and it has been shown that sports with more vigorous upper
limb movements cause a significant increase in the error of the HR
measurement with PPG systems. Tennis is a sport that involves high rotational
velocities in the arm (arm internal rotations or wrist flexion movements) that

sometimes exceed 2000 degrees per second (84).

For this reason, the aim of the current study was to determine the degree
of agreement between the Polar H-10° chest strap synchronised with the
Polar V800° (criterion measure) and Polar Ignite® when measuring HR during
a tennis training session divided into three parts (warm-up, main-part and
cool-down) and averaged per 10s-intervals. The authors hypothesised that
Polar Ignite® would have a high level of agreement with Polar H-10° measuring

averaged HR in 10s-intervals and all parts of the tennis training session.
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4.1.4. Methods

Participants

A group of 40 healthy tennis players, eight women and 32 men,

participated voluntarily in this study. According to the International Tennis

Federation classification (105), all players could be categorized as advanced,

having an international tennis number of between two and four (105). The

anthropometric characteristics of the sample are presented in Table 3. All

participants met the inclusion criteria: (1) to be a registered tennis player and

(2) to have not suffered any injuries within the six-month period prior to the

data collection. After receiving all the information about the study

procedures, each participant signed an informed consent form, which

complied with the ethical standards of the World Medical Association’s

Declaration of Helsinki (2013). The study was approved by the Institutional

Review Board.

Table 3. Anthropometric characteristics of the participants

Participants (40) Men (32) Women (8)
Variable

Mean SD Mean SD Mean SD
Weight (kg) 73.43 15.68 79.13 12.5 54.46 8.35
Height (cm) 173.93 11.12 179.12 3.02 156.66 10.96
SMM (kg) 32.26 6.52 35.36 2.71 21.96 3.93
BMI 24.12 3.83 24.73 4.18 22.1 1.15
BFP (%) 21.62 7.70 20.18 8.23 26.43 2.32

SD: Standard deviation; SMM: Skeletal muscle mass; BMI: Body mass Index;
BFP: Body fat percentage
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Procedures

Participants were individually tested within one day and were instructed
not to perform any type of intense physical activity for at least 48 hours prior
to the test. The test would be conducted at least three hours after eating. On
the day of the study, participants could not take any medication that affected
their HR. Participants wore their usual tennis training footwear and played
with their own racquets to measure their typical performance. A one-hour
tennis training session was performed (Table 4). The session lasted 60
minutes and it was divided into three parts: warm-up, main-part and cool-
down. It included different rallies, volleys, serves and tie-breaks at different
intensities. Participants were assigned partners from within the study sample
in order to complete the tennis training session. They were matched
considering their experience and level. One researcher supervised each

session and controlled the duration and order of the training protocol.
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Table 4. Description (in order of execution) and duration of each part of the tennis training

session.
Part Duration Description
Volley rally (forehand and
backhand)
Warm-up 15’ Service line rally
Baseline rally
10 services (5 each service box)
Baseline rally (higher intensity)
Cross-court forehand rally
Main-part 40’ Cross-court backhand rally
Tie-break without serve
Super tie-break with serve*
Cool-down 5 Rest
Whole session 60’

*depending on the super tie-break duration, players will play 1 or 2 in order
to complete a one-hour training session

Material and testing

Anthropometric characteristics (weight [kg], height [cm], skeletal muscle
mass [kg], Body Mass Index and body fat [%]) were measured using a
bioimpedance meter (Inbody 230, Inbody Seoul, Korea) that has been
validated previously by a system of dual-energy X-ray absorptiometry (130)
and a precision stadiometer (SECA 222, SECA Corp., Hamburg, Germany).

Heart rate (bpm) was measured simultaneously with two different
systems: The Polar H-10° chest strap synchronised with the Polar V800°

(reference system with firmware version 3.1.1) previously used as gold

standard (120) and the Polar Precision Prime® system, implemented in the
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Polar Ignite® smartwatch (with firmware version 2.1.5). This sport watch
measures HR peripherally via PPG. The training protocol lasted 60 min. The
heartbeat recordings were exported from the Polar Flow website to an Excel
spreadsheet after completing the tennis training session (two separate
accounts were used for each participant to avoid possible cross-talk problems
between devices). Both tools were easily synchronised considering that the
Polar H-10° and Polar Ignite® systems recorded a HR value per second with
given information related to the start time of each recording. Taking into
account the manufacturer’s instructions, the Polar V800° was placed on the
right wrist synchronised with the H10° chest strap. In contrast, the Polar
Ignite® was placed on the left wrist. The devices were placed on each of the
participants by the same researcher. A calibration time of 10-20 seconds was
added, as stipulated in a previous study (125). The objective was to obtain the
best HR monitor accuracy possible. The recording started right at the

beginning of the tennis training session.

Statistical analysis

Descriptive statistics are represented as mean (standard deviation). The
normal distribution of data and homogeneity of variances were confirmed
through the Kolmogorov-Smirnov and Levene’s tests, respectively (p>0.05).
To determine concurrent validity, Mean Absolute Percentage Error (MAPE)
and Pearson correlation analysis were performed between the two devices
(Polar Ignite® versus Polar H-10°) during a tennis training session divided into
three parts (warm-up, main-part and cool-down) and averaged per 10s-
intervals. The following criteria were adopted to interpret the magnitude of
correlations between measurement variables: <0.1 (trivial), 0.1-0.3 (small),

0.3-0.5 (moderate), 0.5-0.7 (large), 0.7-0.9 (very large) and 0.9-1.0 (almost
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perfect) (131). Intraclass correlation coefficients (ICC) were also calculated
between devices. Based on the characteristics of this experimental design and
following the guidelines reported by Koo and Li (132), the authors decided to
conduct a “two-way random average measures” model (ICC [2, k]), “mean of
measurements” type, and “absolute” definition for the ICC measurement.
The interpretation of the ICC was based on the benchmarks reported by a
previous study (133): excellent, > 0.90; good, 0.75-0.90; moderate, 0.60—
0.75; and low, < 0.60. The Bland-Altman (134) limits of agreement method
was used to examine the systematic bias + random error and the degree of
agreement (95% limits of agreement) differences in HR between devices for
each part of the tennis sessions and 10s-intervals. Heteroscedasticity of error
was defined as an r> > 0.1 (135). The level of significance used was p<0.05.
Data analysis was performed using the SPSS (version 21, SPSS Inc., Chicago,

Illinois, USA), Excel 2016 and Real Statistic Using Excel Packages (112).
4.1.5. Results

Table 5 shows average values and between-systems differences in HR
measured with Polar Ignite® and Polar H-10° during the different parts of the
training session and 10s-intervals. Small differences were obtained between
systems (< 4.04 bpm; < 5.03 %) in all session’s parts and 10s-intervals with a
tendency to underestimate the HR by the Polar Ignite®. The 10s-intervals
differences were the greatest (-4.04 bpm; 5.03 %) and cool-down differences
were the smallest (-0.15 bpm; 0.11 %). Pearson correlation analysis reported
almost perfect correlations (r > 0.92; p < 0.05) in warm-up (0.94; p < 0.001),
main-part (0.99; p < 0.001) and cool-down (0.96; p <0.001), in the case of 10s-

intervals were very large (0.89; p < 0.001) (Table 5). ICCs between systems
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were also calculated (Table 5) reporting an excellent association (ICC > 0.96)

in warm-up, main-part and cool-down, and good in 10s-intervals (0.85).

Table 5. Average values (standard deviation), between-systems differences, MAPE,
Pearson (r) and ICC (Polar Ignite” vs. Polar H-10°) in HR (bpm) during the
different parts of the tennis training session and 10s-interval

Part of Polar Polar

1 (o)
Variable the lgnite”  H-10" Difference  MAPE Pearson ICC(95%

o/ \* *
session (bpm)  (bpm) (bpm) (%) (r) )
0.857
76.21 80.25
10s- -4.04 503 0.899*** (0.658-
interval (11.25) (16.49)
0.941)
0.962

126.01 127.53
Warm- -1.52 1.19 0.943*** (0.926-
up  (16.17) (19.25)

0.981)

HR(bpm) 0.997
. 141.67 141.93 .
Main- -0.26 0.18 0.994*** (0.994-
part (14.33) (14.57) )
0.999

0.964
125.98 126.12

Cool- -0.15 0.11 0.929%** (0.921-
down (20.36) (16.44)

0.984)

***indicates statistical significance for the Pearson correlation analysis (p < 0.05);
* Confidence interval of 95 %.; *Mean Absolute Percentage Error

The Bland-Altman plots (Figure 13), shows the differences between the
two systems in each part of the session and 10s-intervals. These plots exposed
a small systematic bias: cool-down (-0.44 bpm) revealed less systematic bias
than main-part, warm-up and 10s-intervals (-0.51 bpm; -0.99 bpm; -2.41 bpm,
respectively). Instead, main-part showed smaller random error (+ 1.16 bpm)

than cool-down, 10s-intervals and warm-up (+ 4.02 bpm; + 5.86 bpm; + 6.02
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bpm, respectively). The differences between Polar H-10° and Polar Ignite®
were heterocedasticity distributed in warm-up (r? = 0.2172). In contrast, 10s-
intervals, main-part and cool-down differences were homocedasticity

distributed (r? = 0.0389; r? = 0.0234; r’ = 0.0352, respectively).

Heart rate 10s-intervals (bpm): Polar Ignite vs. Polar H-10

Differences between measures

-9 A Systematic bias + random error: -2.41 + 5.86 (bpm)
11 Averaged bpm R?=0.0389
0 20 40 60 80 100

Heart rate Warm-Up (bpm): Polar Ignite vs. Polar H10

Differences between measures

Systematic bias + random error: -0,99 + 6,02 (bpm)
R2=0.2172

Averaged bpm

30 45 60 75 90 105 120 135 150 165 180 195
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Heart rate Main-Part (bpm): Polar Ignite vs. Polar H10

J Systematic bias * random error: -0,51 + 1,16 (bpm)
R2=0.0234

Averaged bpm

30 45 60 75 90 105 120 135 150 165 180 195

Heart rate cold-down (bpm): Polar Ignite vs. Polar H10

R0
g0

<o
© o
<o
Systematic bias * random error: -0,44 + 4.02 (bpm)
R%?=0.0352

.35
3

Averaged bpm
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Figure 13. Bland-Altman plot with the heart rate (HR, in bpm) during tennis training session

obtained from two different devices (Polar Ignite” and Polar H-10°). The plot
includes the mean difference (dotted line) and 95% limits of agreement (dashed
line), along with the regression line (solid line). Systematic bias and Pearson’s
multivariate coefficient of determination (r2) are also presented

RESULTADOS: ESTUDIOS DESARROLLADOS | 89



Estudio 1.
4.1.6. Discussion

This study had the purpose of determining the concurrent validity of the
Polar Ignite® PPG system for measuring HR during a complete tennis training
session divided into three parts (warm-up, main-part and cool-down) and
averaged per 10s-intervals, comparing the data against a Polar H-10° chest
strap synchronised with the Polar V800° (criterion measure). Small
differences were obtained between systems (< 4.04 bpm; < 5.03 %) in all
session’s parts and 10s-intervals with a tendency to underestimate the HR by
the Polar Ignite®. The 10s-intervals differences were the greatest (-4.04 bpm;
5.03 %) and cool-down differences were the smallest (-0.15 bpm; 0.11 %).
Data showed high correlations (r> 0.89) and excellent degree of agreement
(ICC > 0.96) in all the comparisons made, except when investigating the data
at the 10s-intervals where the ICC was good (ICC = 0.85). Bland-Altman plots
revealed a small systematic bias and random error for all parts of tennis
training sessions and 10s-intervals: 10s-intervals (-2.41 £ 5.86 bpm), warm-up
(-0.99 + 6.02 bpm), main-part (-0.51 + 1.16 bpm) and cool-down (-0.44 + 4.02

bpm).

In the present study, MAPE values obtained (10s-intervals: 5.03 %; warm-
up: 1.19 %; main-part: 0.18 %; cool-down: 0.11 %) were similar to those of
Nuuttila et al. (129) (1.1 %), where a Polar device with PPP® was also validated
at rest. In addition, similar correlations values were shown in cycling (r > 0.79)
(121), resistance training (r > 0.83) (121,136), stressful tasks (r > 0.90) (137),
moderate physical activity (r > 0.80) (138) and at rest (r > 0.9) (129) in other
Polar devices validations. The Polar Ignite® sport watch obtained a HR
correlation of 0.83 with ECG (criterion measure) in a 12-minute running

protocol at incremental speeds (138). Another study (139) measured resting
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HR with a Polar watch (with PPP® system) reporting high correlations r = 0.9.
A previous validation study of the PPP® system (125) during running on a
treadmill, obtained average values and between-system differences (< 2.59
bpm) similar to those found in the present study (< -4.04 bpm; < 5.03 %) with
longer recording periods (180s-intervals versus one hour of tennis training).
Average values and between-system differences (125) manifested how the
longer recording intervals time is increased, the lower differences are shown,
which agrees with the results obtained in the average mean difference in our
study in all sessions parts and 10s-intervals, confirming that the accuracy of

the PPP° system is not altered during a tennis training session.

Following the previous studies (164, 165) it was obtained similar ICCs (>
0.98) during high intensity physical activities with the Polar OH1 and Polar
RS800 optical HR sensors, reiterating the high accuracy of the PPP® system
with long recording periods. Specifically, a recent study (92) measured the
accuracy of another HR monitor (Polar OH1°) in tennis, obtaining an excellent
degree of agreement (ICC= 0.995). Our study provides stronger information
considering the total analysed minutes (508 vs ~ 2400 min) reporting a total
ICC of 0.936. Referring the systematic bias and random error, in previous
Polar OH1°® validation studies (82, 166) obtained similar results (1.90 + 2.39
bpm vs. -2.21 + 5.62 bpm and 2.42 + 1.49bpm vs. -2.21 + 5.62 bpm,
respectively). Our systematic error and random error are considered small
because when an athlete monitors HR for submaximal effort regulation, the
limits of HR zones should be considered as a range rather than a point value
(143). This range is established by Lamberts et al. (143) where they found a
variation in HR of 1.1-1.4% for the same intensity. Therefore, differences of
less than 1/2 bpm will not imply significant changes. Despite the

abovementioned findings, perhaps the slightly higher level of agreement
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between the two devices obtained during the cool-down could be due to the

lower amount of upper body movements during this part of the training (118).

Another study (144) declared that certain HR monitors (Apple Watch®,
Fitbit Blaze®, Garmin Forerunner 235°, and TomTom Spark Cardio®) did not
assess well (all r < 0.76) when using the elliptical trainer due to arm
movements affect the accuracy of the devices. These results oppose ours (r >
0.9) because the short recording period (4.5 min) versus the one-hour tennis
training protocol. These are not equivalent tasks (elliptical as opposed to
tennis), but both involve upper limb movement so we suggest that
differences could be decreased if we measure a long recording period.
Therefore, Polar Ignite” PPG system could be an accurate HR monitor during

tennis practice.
4.1.7. Conclusion

In conclusion, our hypothesis has been confirmed, the PPP® system
existing in Polar Ignite® sports watch demonstrates a high level of agreement
with the reference system Polar H-10°. Thus, it can be used as a valid measure
of HR during all parts of the tennis training session (warm-up, main-part and

cool down) and 10s-intervals.

From a practical standpoint, the results obtained in the current study
reinforce the evidence regarding the validity of the Polar Ignite® Precision
Prime system, which can be recommended to tennis players as an effective
and reliable HR measurement system. Further, we found that the Polar Ignite®
precision is not altered despite upper limb movements during a one-hour
tennis training session, confirming it as a useful tool for fitness professionals,

personal trainers, exercise physiologist and tennis coaches for controlling the
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physiological response and planning the season considering the training load

of their tennis players even during competitive matches.
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4.2. ESTUDIO 2: VALIDITY AND RELIABILITY OF NOTCH® INERTIAL SENSORS
FOR MEASURING ELBOW JOINT ANGLE DURING TENNIS FOREHAND AT
DIFFERENT SAMPLING FREQUENCIES.

Este estudio ha sido publicado en la revista Measurement, en el aio 2022,
volumen 201. Sus autores fueron: Emilio J. Ruiz-Malagon; Gabriel Delgado-
Garcia; Santiago Castro-Infantes; Maximiliano Ritacco-Real; Victor M. Soto-

Hermoso.
4.2.1. Resumen

Los sistemas de captura de movimiento portatiles y de bajo costo estan
ganando importancia para el andlisis biomecanico. El objetivo del estudio fue
determinar la validez concurrente y confiabilidad de los sensores inerciales
NOTCH® para medir angulaciones de codo durante el golpe de derecha en
tenis a diferentes frecuencias de muestreo (100, 250 y 500 Hz), utilizando
como referencia un sistema 6ptico de captura de movimiento con precision
submilimétrica. 15 jugadores competitivos realizaron golpes de derecha con
los NOTCH colocados y un sistema de marcadores para la parte superior del
cuerpo. Las senales de ambos sistemas fueron ajustadas y sincronizadas. La
magnitud del error fue tolerable (5-10°) para todos los ejes articulares y
frecuencias de muestreo, aumentando significativamente a 100 hercios para
los angulos de flexidon-extensiéon y pronacidn-supinacion (p = 0.002 y 0.023;
Cohen d > 0.8). El coeficiente de correlacién de concordancia fue muy fuerte
(0.7-0.9) en todos los casos. La variacion del error intrasujeto entre test-
retest no mostré diferencias significativas (p > 0.05). En conclusién, NOTCH®
es una alternativa valida, confiable y portatil para medir angulaciones de codo

durante el golpe de derecha de tenis.
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Palabras clave: IMU; captura de movimiento; cinematica articular en 3D;

deportes de raqueta; fusion entre sensores.
4.2.2. Abstract

Portable and low-cost motion capture systems are gaining importance for
biomechanical analysis. The aim was to determine the concurrent validity and
reliability of the NOTCH® inertial sensors to measure the elbow angle during
tennis forehand at different sampling frequencies (100, 250 and 500 hertz),
using an optical capture system with sub-millimetre accuracy as a reference.
15 competitive players performed forehands wearing NOTCH and an upper
body marker-set and the signals from both systems were adjusted and
synchronized. The error magnitude was tolerable (5-10°) for all joint-axis and
sampling frequencies, increasing significantly at 100 hertz for the flexion-
extension and pronation-supination angles (p = 0.002 and 0.023; Cohen d >
0.8). Concordance correlation coefficient was very large (0.7-0.9) in all cases.
The within-subject error variation between the test-retest did not show
significant differences (p > 0.05). NOTCH® is a valid, reliable and portable

alternative to measure elbow angles during tennis forehand.

Keywords: IMU; motion capture; 3D joint kinematics; racket sports; multi-

sensor fusion
4.2.3. |Introduction

Inertial measurement units (IMUs) are sensors used commonly in medical
rehabilitation, performance and kinematics analysis in sports (169, 170). In
tennis, the use of this type of technology has become increasingly frequent
(147), since it is an economical and portable alternative that allows to

estimate kinematic parameters such as the body segments’ orientation,
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position and joint angles (148—-150), the energy transition between segments
during the strokes (151) or the ball speed based on a racket-mounted motion
sensor (152). All this makes IMUs suitable to collect data in a natural
environment and perform in-field tennis biomechanical analyses, which

provide more valid results than laboratory tests (80).

OS are the gold standard for measuring kinematics parameters, and are
widely used in sport sciences and tennis studies (39). In fact, these systems
have been improved over the last two decades and the measurement error
of current OS systems is less than 0.5 mm (78). Despite the fact that OS have
been proven to be accurate tools to analyse sport kinematics (78), using them
outside the laboratory is an added difficulty (79). The increase in costs and
the complexity of the data processing reduce the extent of this approach in
actual field applications. Thus, for example, to evaluate the hitting kinematics
of a tennis forehand on an indoor tennis court (153), set up a system of 8
infrared cameras, which is not a viable solution for many research institutes.
OS systems also involve precise and time-consuming marker placement. The
simplest OS based model to assess elbow kinematics —which could be
measured using only two IMUs, one on the arm and other on the forearm—
are based on 5 reflective markers (177, 178). For this reason, validation of
more portable systems, such as IMUs or wearable ultrawideband transceivers
mounted on body segments (155), is necessary to be able to evaluate tennis
players in real-game situations (80). Another alternative could be mocap
markerless systems (156—158) but they still have the problem of complicated
assembly and are difficult to use in conditions where player occlusion can

Ooccur.

IMUs usually contain three different types of sensors: magnetometer,

accelerometer and gyroscope. Joint kinematics is computed by the use sensor
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fusion algorithm, combining accelerometer and magnetometer
measurements with gyroscope measurements (82). From this, it follows that
the algorithm will only work properly if all three sensors are capable of
measuring the full range of accelerations and angular velocities (in the
particular case of the accelerometer and gyroscope). This is not a concern in
the case of slow-motion gestures such as walking or moving arms to bring an
object but in ballistic and explosive skills, such as tennis strokes involving high
rotational velocities, it could be a problem. The sensors have proven to be
valid and reliable even in sports activities such as football (159) or swimming
(160). These studies have established a good agreement and tolerable values
for the root mean square error (between 5° and 10°) for measuring upper
limbs kinematics, since the differences in the magnitude of the error can be
attributed to biomechanical models and different calibration methods (161).
Upper limbs angular velocities in tennis strokes — such as arm internal
rotations or wrist flexion movements — sometimes exceed 2000 degrees per
second (84), and most of the commercial sensors are limited to this range. For
this reason, and especially in this case, sensors capable of capturing higher
angular velocities are needed. Only two studies have been found that have
evaluated the validity and reliability of the sensors in tennis strokes. One of
them evaluates the accuracy of the gyroscopes (67), while the other evaluates
the accuracy of the sensors Xsens® MVN system for measuring 3D joint angles
(83). Xsens® MVN system proved to be valid to measure the kinematics of the
arm for the majority of the variables analyses, but not for the elbow joint
angleintransverse plane (83). There are also other recent studies that analyse
the validity of an IMU system to measure the kinematics of ballistic gestures,
but these works do not analyses the kinematics of the upper limbs, which is

where the highest angular velocities are reached. For example, Harnett et al.,
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(162) analyse the validity of some IMUs to study the kinematics of the knee,
pelvis and trunk in the case of cricket and find no statistically significant
differences with the reference system for the trunk lateral bending and knee
flexion. The IMUs that has been proposed to be validated in this study
(NOTCH®) only has only been previously validated during functional daily task
movements (163). Despite previous validation studies, until now, there is
scarce literature for the accuracy of the IMUs for measuring explosive upper
limbs movements involving high rotational velocities and large ranges of

movements, such as the tennis forehand.

The upper limbs kinematics of the tennis forehand is crucial to achieve
high performance in tennis, as it contributes to achieve greater ball velocity
(34, 188), ball spin (37) or higher stroke accuracy (39, 189). For example,
Pedro et al. (150) conclude that the extension movement of the elbow is the
second largest contributor to racket speed, after the horizontal flexion of the
upper arm around the shoulder joint. Genovois et al., (37) indicate that during
the backswing and forward swing of a topspin forehand, the forearm is more
extended than during a flat forehand drive. In the impact and the follow-
through, the elbow flexion and forearm pronation are also more pronounced
in the topspin forehand drive (37). In the case of table tennis, inertial sensors
allowed to differentiate the kinematics of the upper segments between able-
bodied and wheelchair-bound players during forehand and backhand strokes
(190, 191). In addition to improving the performance-related biomechanical
factors, the implementation of these sensors for the upper limbs kinematics
analysis could aid to assess the risk of musculoskeletal injury, considering that
inefficient joint actions can increase the risk of injury (91). For example, there

is a relation between hitting technique and elbow epicondylitis (166), a
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common tennis injury, and IMUs could serve to prevent the mechanical load

on the elbow from being excessively high (167).

Sampling means taking a certain number of samples every second from a
continuous analog signal (85). Sampling frequency (i.e. the amount of data
collected per second) is something that has traditionally concerned
researcher in the field (195, 196). From a theoretical overview, the optimal
sample rate should be calculated following the Nyquist—Shannon sampling
theorem which states that, under suitable assumptions, in an analog-to-
digital conversion the minimum sampling frequency necessary to avoid
ambiguity and loss of information (e.g., aliasing) in the reconstruction of the
original analog signal is equal to twice its maximum frequency (85). From an
operational point of view instrumental sampling frequency is usually selected
by using a reference system and assessing the error trade-off of the signal in
relation to the sampling rates (88,89). There are no studies that analyse the
influence of the sampling frequency on the accuracy of the IMUs for measure
kinematics variables in the particular case of tennis (66). In this vein, some
authors suggest that 200 Hz is the recommended sampling rate needed to
analyse the kinematics in tennis strokes (90), but this issue has not been
analysed in depth. In fact, IMU validation studies in tennis have used a single
sampling frequency, which coincide with the maximum sampling range of the
devices evaluated. For example, Pedro et al., (83) analysed the Xsens® MVN
system at 240 Hz or Delgado-Garcia et al., (67) analysed the Nexgen®
Ergonomic system at 128 Hz (Table 6). NOTCH® inertial sensors have not yet
been evaluated, although their price and features make them ideal for use in
tennis. In fact, some companies have already used them to design software
to evaluate batting or swinging technique (4dmotionsports.com). If the

researcher wants to make long-time recordings (such as a complete tennis
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match), it seems more convenient to use lower sampling frequencies so as
not to saturate the memory of the devices and to be able to use popular
mathematics software, limited from a computational point of view, such as
Microsoft Excel. In other words, lower sampling rates would result in a lower
data load, longer battery life, and higher efficiency of data processing (168).
Similarly, it would be interesting to use higher sampling frequencies to see if
the error decreases akin to other gestures of a ballistic nature (89). On this
line low sampling frequencies could lead to missing peaks or spikes, a signal

distortion and finally in a loss of information (89).

RESULTADOS: ESTUDIOS DESARROLLADOS | 103



Estudio 2.

Table 6. Feature comparisons between NOTCH® and other IMUs presenting validation
studies in tennis

NOTCH®  Xsens’ MVN Nexgen® 12M

Reference of the validation

- 79 63
study [79] [63]
Apprommate- cost of the <500 535K USD >10K USD
system used in the study usD
Sampling frequency*! (Hz) 500 Hz 240 Hz 128 Hz
Accelerometer maximum +32 +16 16
range (g)
Gyroscope n:axmum range + 4000 +2000 +2000
(°/s)
Magnetometer maximum +16 8 16
range (Gauss)
Experimental conditions - Laboratory Laboratory
Optical system used as . Optitrack
- I AB
reference criterion system Qualisys (Natural Point)
Number of participants ) 18 4

included
Experienced

Begi d
i nd eginner an

Level of expertise of

participants intermediate competitive
Stroke analysed - Forehand All
N f k I
umber of strokes analysed i 3 100

per participant
Sensor angular

Kinematic variable studied - Joint angle .
velocity

Error reported relative to the
reference (RMSE)
Reliability outcome - - 0.41-0.58 °/s*2

- 1.5-13.1°/s 4.4-35.4°/s

*1Refers to the maximum sampling frequency (in the case of the Notch) or
the one used in the validity study in the case of the IMU Xsens® MVN and
Nexgen® 12M systems. *2In this case, the reliability was studied by rotating
the sensors on the same axis, not in tennis hits. RMSE: Root Mean Square
Error
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The aim was to determine the concurrent validity and reliability (within-
subject error variation) of the NOTCH® inertial sensors to measure elbow joint
angle during tennis forehand at different sampling frequencies (100 Hz, 250
Hz and 500 Hz), by comparing data with a OS (gold standard, 500 Hz) in a
sample of competitive tennis players. Based on previous research, we
hypothesise that NOTCH® is a low-cost and portable alternative (< $500 USD)
that includes all instrumentation and data processing for measuring elbow
joints angles in tennis forehand. Considering that there is a relationship
between a proper technique and injuries, the confirmation of this hypothesis
could help sport scientists measure upper limb kinematics and mechanical
loads as well as prevent the appearance of tennis injuries, such as the tennis
elbow, during field-based experimentation. Studying the validity and
reliability of NOTCH® inertial sensors is also necessary to know if they are
suitable for programming specific software for the evaluation of sport

technique in the case of tennis.

4.2.4. Methods

Participants

Data were collected from 15 healthy players (all male) with experience in
regional competitions. The anthropometric characteristics of the participants
were as follows: mean (SD); age 22.4 (6.5) years; height 177.3 (5.5) cm; weight
75.4 (6.2) kg; BMI 21.1 (1.8) Kg/m?. According to the ITF, 10 players had an
international tennis number of between 2 and 3 (advanced tennis players),
and five players had an international tennis number of 4 (105). All participants
met the inclusion criteria: (1) to have the license form the National Tennis

Federation and (2) to not suffer any injuries within the 6 months prior to the

RESULTADOS: ESTUDIOS DESARROLLADOS | 105



Estudio 2.

data collection. After receiving detailed information on the objectives and
procedures of the study, each subject signed an informed consent form in
order to participate, in compliance with the ethical standards of the World
Medical Association’s Declaration of Helsinki (2013). It was made clear that
the participants were free to leave the study if they saw fit. The study was

approved by the Institutional Review Board.

Procedures

Participants were individually tested within one day. First, the
anthropometric characteristics (weight [kg], body fat [%] and height [cm])
were measured using a bioimpedance meter (Inbody 230, Inbody Seoul,
Korea) and a precision stadiometer (SECA 222, SECA Corp., Hamburg,
Germany). All measurements were taken with the participants wearing

underwear.

Two IMUs and retroreflective markers (eight anatomical markers and two
clusters) were affixed on the dominant arm of the tennis players (Figure 14),
according to the University of Western Australia’s upper body marker set with
an extensive use in sport science and tennis studies (80, 199). Subsequently,
the players performed the hitting test, using their own racket. They
performed six series of 10 forehand recordings with the IMUs at 100 Hz, 250
Hz, and 500 Hz. Two series were recorded at each sampling frequency in order
to analyse the reliability of the IMUs (within-subject error variation). The OS
was recorded simultaneously at 500 Hz. All forehands performed in the study

were carried out by hitting a pendulum ball (Figure 15).
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Figure 14. Set up of the experiment (a) indicating the infrared camera model used, the
biomechanics marker set and the pendulum ball that the player should hit. The
biomechanical markers used (b): 1) Acromion; 2) back of the humeral head; 3)
front of the humeral head; 4-6) cluster of the arm; 7) lateral epicondyle; 8) medial
epicondyle; 9-11) cluster of the forearm; 12) radius styloid process; 13) ulna
styloid process. S1 is the IMU sensor located in the arm and S2 is the IMU sensor
located in the forearm

Data collection

The elbow joint angle during tennis forehand was measured under
laboratory conditions using the NOTCH® IMU system and OS (Qualisys’,
Gothenburg, Sweden) with submillimetre accuracy (78). Flexion and
extension angles (Fle/Ext [°]), corresponding to the sagittal plane of the elbow
and pronation and supination angles (Pron/Sup [°]), corresponding to the
transverse plane of the elbow were measured. The following lines explain in

detail the characteristics of the IMUs and OS devices and the data collection:
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NOTCH® IMUs system (Wearnotch, Notch Interfaces, Inc., New
Jersey, USA): It is a wireless IMU-based system embedded with nine-
axis inertial sensors (three-axis gyroscope, three-axis accelerometer,
three-axis magnetometer), with a maximum range of measurement
of £ 32 g, + 4000°/s and a maximum sampling rate of 500 Hz (Table
6). The system has been previously validated through functional daily
task movements (163). The elbow joint angles from the NOTCH®
system were downloaded, thanks to an extended license (which
costs S50 USD per year). Static and dynamic sensor calibrations were
conducted with the purpose to ensure their optimal performance. A
‘steady pose’ (anatomical position) was collected prior to each
forehand measured, the steady pose was used to capture the
orientation of the arm, and thus the NOTCH® IMUs algorithms joined
it to a predefined skeleton pose. The IMU was mounted in a rigid
plastic case attached to manufacturer-made straps, which were
positioned in the segments of the participant. Elbow joint angles
measured during all forehands performed during the study were
transferred from the NOTCH® Pioneer application to an Android
device (Nokia 6.1., Espoo, Finland) via Bluetooth, and then to a server
computer for their analysis. Additionally, NOTCH® uses proprietary
sensor fusion, filtering methods, and algorithms to calculate joint

angles that are restricted for the user.

Qualisys® optoelectronic system (Qualisys’, Gothenburg, Sweden)
consists of nine infrared high-speed cameras (Oqus 300, Qualisys,
Sweden), alongside which the Qualisys Track Manager (version 2.17,
Qualisys, Gothenburg, Sweden) software was used. All forehands

performed during the study were recorded at a sampling frequency
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of 500 Hz, and the data were down-sampled to 100 Hz, 250 Hz and
500 Hz to compare the signals with that of the IMUs. An upright static
trial was used to create the upper limbs segment (i.e., arm and
forearm) and the joint centres (i.e., elbow) posteriorly used in the
motion trials. To avoid the brightness disturbances that could be
confused with the retroreflective markers, care was taken with the
lighting conditions. A calibration wand manufactured by Qualisys®
was used for spatial calibration, following the manufacturer’s
guidelines. The calibration was repeated until obtaining the best
possible calibration parameters (the average residuals of the

cameras being below 0.4 mm).

Signal processing and filtering

The 3D marker trajectories during the standing position and forehand
drive trials were identified by the OS system and exported to C3D format in
the Qualisys Track Manager. Then, using the Visual 3D software (V6, C-
motion, Inc. Germantown, USA), and based on the University of Western
Australia’s upper body marker set, the positions and orientations of the
dominant arm and forearm were reconstructed and used to compute the
elbow joint angles (flexion/extension and pronation/supination). Two
different Cardan sequences (AP-AXIAL-ML and ML-AP-AXIAL) were used to
calculate pronation-supination and flexion-extension (the motive underlying
this relevant decision is explained in the document provided as
supplementary material, annexe 3). The elbow joint angle was then filtered
forward and backward through an 18 Hz second-order Butterworth filter to
obtain the result of a zero-lag fourth-order filter. To select the cut-off

frequency of the said filter, an analysis of the residuals was previously carried
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out (170) using an Excel ad-hoc tool. Based on previous literature (171), every
frequency between 1 Hz and 32 Hz at 1 Hz intervals was tested. Residuals
(RMSE) were plotted against a cut-off frequency, and a straight line of the
best fit was projected back to the y-axis from the linear portion of the
residual-frequency curve. A horizontal line was then extended from the
vertical-intercept back to the residual-frequency curve, and the frequency at
which the two lines meet was chosen as the optimal cut-off frequency (172).
This was done for each subject, and the rounded mean (without decimal
places) of the cut-off frequency was considered (18 Hz). Finally, elbow joint
angles (Fle/Ext and Pron/Sup) from the IMUs and OS were synchronised using
an Excel spreadsheet, using a cross-correlation based phase shift technique
(159). This procedure of synchronising signals has been used previously in
studies to analyse the validity of biomechanical analysis instruments
(159,173). This type of synchronisation was chosen given the impossibility of
conducting it via electrical pulse (start/stop). The angles from the IMUs were
processed unfiltered, as the interest of the study is to analyse the data directly
provided by the devices, without any additional data processing. Despite the
above, the NOTCH® signal had to be slightly transformed, based on the
aforementioned cross-correlation technique, in order to compare it with the
OS signal. This transformation is better explained in a document that is added

as supplementary material (annexe 6).
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Statistical analysis

Descriptive statistics are represented as mean and standard deviation
(SD). Tests of normal distribution and homogeneity, determined by the
Shapiro—Wilk and Levene’s tests, respectively, were conducted on all data
prior to analysis. In order to determine the validity of the system regarding
the reference system (IMUs vs. OS), the linear relationship and level of
agreement between both signals (IMUs vs. OS) were evaluated using Lin’s
concordance correlation coefficient (Lin’s CCC) (174), with a high Lin’s CCC
indicating the absence of systematic error difference between measurements
(175). The following criteria were adopted to interpret the magnitude of
correlations between measurement variables: < 0.1 (trivial), 0.1-0.3 (small),
0.3-0.5 (moderate), 0.5-0.7 (large), 0.7-0.9 (very large) and 0.9—-1.0 (almost
perfect) (131). The magnitude of the error was also quantified by calculating
the root mean square error (RMSE) between the two motion capture systems.
The RMSE interpretation was based on a previous study (176) as follows: good
(RMSE < 2°), acceptable (2° < RMSE < 5°), tolerable (5° < RMSE < 10) and
unbearable accuracy (RMSE > 10). For comparing the error of measurement
(RMSE) at different sampling rates (100 Hz vs. 250 Hz vs. 500 Hz), one-way
repeated measures ANOVA followed by Bonferroni multiple post-hoc
comparison tests were carried out. To evaluate the reliability of the sensors
of the elbow, a student’s t-test for dependent samples was conducted,
considering the RMSE and Lin’s CCC in the two measurements (test-retest), at
each sampling frequency (within-subject error variation). The magnitude of
the differences was interpreted using the Cohen’s d effect size (ES) (between-
group differences) (177) and reported as follows: trivial (< 0.2), small (0.2—

0.49), medium (0.5-0.79), and large (> 0.8) (177). All data analyses were
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performed using Excel 2016 and Real Statistic Using Excel Packages (100, 101),

and the level of significance used was p < 0.05.

4.2.5. Results

Figure 15 shows two examples of the elbow joint angle obtained using
the IMUs superimposed on the one obtained with the OS — one for the

flexion/extension and another for the pronation/supination.
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Figure 15. Elbow joint angles during tennis forehand obtained from the OS and IMUs
synchronised at 500Hz of one of the study participants

112 | RESULTADOS: ESTUDIOS DESARROLLADOS



Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

Validity

Table 7 shows a comparative analysis (RMSE and Lin’s CCC) between IMUs
and OS elbow joint angles at different sampling frequencies (100 Hz, 250 Hz
and 500 Hz) during tennis forehand. All the comparisons showed a tolerable
RMSE (RMSE < 10). Relative to the correlation analysis (Lin’s CCC), very large
correlations (r > 0.81) were obtained in all associations between both

systems.

Table 7. RMSE and Lin’s CCC between elbow joint angles (Fle/Ext and Pron/Sup) obtained
from IMUs and OS during tennis forehand at different sampling frequencies
(100Hz, 250Hz and 500Hz)

Sample Frequency Elbow joint angle RMSE* Lin’s CCC*
Fle/Ext 8.66° 0.81
100 Hz .
Pron/Sup 8.53 0.83
Fle/Ext 7.53° 0.85
250 Hz
Pron/Sup 7.66° 0.86
Fle/Ext 5.76° 0.89
500 Hz
Pron/Sup 6.66° 0.86

* RMSE: Root Mean Square Error; Lin’s CCC: Lin’s Concordance Correlation
Coefficient.

Differences in the error of measurement as a function of sampling frequency

Repeated measures ANOVA showed differences between the RMSE at
different sampling frequencies (p = 0.0024), and the Bonferroni post-hoc
analysis showed no significant differences when comparing 100 Hz vs. 250 Hz,
250 Hz vs. 500 Hz or in flexion/extension nor pronation/supination (p > 0.05)
(Table 8). Instead, significant differences were found between 100 Hz and 500
Hz in flexion/extension (p = 0.001) and pronation/supination (p = 0.023), with

a large effect size (2 0.8) in both cases (Table 8).
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Table 8. Bonferroni post-hoc test (from repeated measures ANOVA) between elbow
joints angles obtained at the different sampling frequencies

Condition Mean RMSE (°) (SD) P Esx
value

Fle/Ext 100Hz vs. Fle/Ext 250Hz 8.78 (1.67) vs. 7.27 (1.94)  0.266 0.62
Fle/Ext 100Hz vs. Fle/Ext 500Hz 8.78(1.67)vs.5.77 (1.79)  0.001* 1.54

Fle/Ext 250Hz vs. Fle/Ext 500Hz 7.27 (1.94) vs.5.77 (1.79)  0.068 0.91

Pron/Sup 100Hz vs. Pron/Sup g 11 ) g9y s 7,67 (115) 0508  0.48

250Hz
Pron/Sup 100Hz vs. Pron/Sup g 41 (1 89)vs. 667 (1.61) 0.023*  1.23
500Hz
EB‘(’)L/ZSUF’ 250Hz vs. Pron/Sup - (1 15)vs. 6.67 (1.61) 0.204  0.75

* p-value: significant differences for values lower than 0.05; *ES: Effect size (D-
Cohen).

Reliability

The comparative analyses of the RMSE between the test-retest at
different sampling frequencies, and in the two anatomical movements
analysed showed no significant differences (p > 0.05) in any case (Table 9).
This indicates that the error was consistent between measurements.
Regarding the Lin’s CCC between devices, it always remained above 0.8, and
no significant differences (p > 0.05) were found between the test-retest or in

any comparisons.
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Table 9. Comparison of the RMSE and Lin’s CCC between test-retest at different sampling
rate and in different anatomical movements (Fle/Ext and Pron/Sup)

Elbow  RMSE (°) mean (SD) Lin’s CCC mean (SD)

Sample . p- p-
joint | |
rate angle Test Re-test ValU€  Test Re-test Value
8.78 9.14 0.81 0.81
Fle/Bxt 167y @2so) %*®  (014) (013 O7°
100 Rz 8.41 8.67 0.83 0.82
Pron/Sup 189y (192) %%  (006) (008 O°°
7.27 6.71 0.85 0.88
Fle/Bt 10a)  (a9) %12 (0a) 007 223
220 Hz 7.67 7.58 0.86 0.87
Pron/Sup 145y (183) %%®  (00s) (007 O°
5.77 6.06 0.89 0.86
Fle/E 71 24
o/t 179 (224) ° ©0.06)  (0.09) °
>00Hz 6.67 6.57 0.86 0.89
Pron/Sup 161y @37 %% 007y (0o0s OV

* p-value: significant differences for values lower than 0.05

4.2.6. Discussion

The aim of the present study was to analyse the concurrent validity and
reliability of a IMUs system for measuring the elbow joint angle during
forehand strokes, comparing the data against an OS (gold standard). The
RMSE of the transformed signal was tolerable (5° < RMSE < 10) for all
anatomical movements and sampling frequencies. The Lin’s CCC between
both devices was very large (0.7-0.9) in all cases. The RMSE increased
significantly (p > 0.05) in the recordings made at 100 Hz as compared to those
made at 500 Hz, for both planes of the elbow (flexion/extension and
pronation/supination), with a large effect size (= 0.8) in both planes. The

within-subject error variation between test-retest showed no significant
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differences in any of the elbow planes and sampling frequencies used, and

the level of agreement also remained > 0.8 in all cases.

Previous studies (79, 185) have suggested that a RMSE below 10°
demonstrates very good accuracy of the IMU devices. The error of
measurement of the IMUs were below this threshold for the two planes of
the elbow and all the sampling frequencies used. If we compare the results
with those of studies that have analysed IMU validity, we will find similar
values for the agreement and RMSE scores, relative to the upper limb
kinematics. For example, Fantozzi et al. (160) found RMSE of 15° and 10° in
the sagittal and transverse planes of the elbow while swimming, whereas
Barreto et al. (178) found similar correlation coefficients and RMSE in the
elbow during gymnastics skills. Tennis strokes have a particular idiosyncrasy
as they are usually executed at a high-speeds, thereby achieving high angular
velocities, especially in the last segments of the kinetic chain (that is, at the
elbow and at the wrist). For this reason, validation studies of the specific IMUs
for this sport should be carried out, especially considering that the speed
could affect the accuracy of the measurement (67). A similar study (83)
analysing IMU accuracy while performing tennis forehands reported a Lin’s
CCC > 0.9 and a RMSE below 2° in the sagittal plane of the elbow
(flexion/extension), only slightly better than the present investigation. In
contrast, for the elbow pronation-supination angle, data from the present
work (Table 6) showed a higher level of agreement and a lower RMSE than in
the study of Pedro et al. (83) (they reported Lin’s CCC of 0.79 and RMSE of
13.1°). The differences in precision of the different IMUs evaluated could be
predominantly attributed to the biomechanical models and different
calibration methods (161). The threshold beyond which the error will be

considered large also depends on the objectives of the investigation. For
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example (179), found differences of about 16° for the elbow flexion angle at
impact between prepubescent’s and adults. This value is higher than the
RMSE of the NOTCH® sensors, thus concluding that this device is sufficiently
accurate to detect the differences in this particular case. On the other hand,
(153) found differences between elite- and high-performance players below
one degree for the elbow flexion angle during the forehand strokes, probably

requiring, in this case, a more accurate system.

In the present study, it was found that the error (measured as RMSE)
increased significantly (p < 0.05), if we compare the recordings made at 100
Hz and 500 Hz. This result supports the hypothesis of previous studies (62,
209) which indicate that a minimum sampling frequency of 200 Hz is required
for an accurate upper limb’s kinematic analysis of tennis strokes. Despite the
differences found, the level of agreement and the magnitude of the error of
the recordings made at 100 Hz were very large (0.8—0.9) and tolerable (RMSE
< 10°) in all cases, with values similar to that of the literature (184, 185).
Therefore, recording at 100 Hz with the present sensors could be appropriate
when the researcher is interested in collect long recordings and wants to
measure, for example, the physical load in a competition (210, 211). In this
case, the sampling rate required does not have to be as high as when the main
interest of the research is, for example, comparing the hitting kinematics
between players of different levels of performance (39, 177). Finally, the
magnitude of the error remained constant (p > 0.05) throughout the course
of the test-retest, and the level of agreement was > 0.8 in all planes of the
elbow and sampling frequencies used, which indicates the reliability of the

IMUs.

Summarising, NOTCH® IMUs could be an alternative (transforming the

signal by using a simple linear equation) to other sensors that have been more
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tested in the scientific field and are supported by a large number of high-
impact publications (83). The sensors used in the present manuscript have
three notable advantages over other models used for biomechanical analysis:
I) low price, which allows laboratories with a limited budget to use them; Il)
the measurement range of gyroscopes (+ 4000 degrees per second) that
allows evaluating ballistic gestures such as tennis strokes, where sometimes
2000 degrees/s are exceeded (84); Ill) their capability to measure at high
sampling rates (500 Hz) which allow them to analyse tennis strokes in detail,
and even capture the moment of the ball impact with the tennis racket.
Another real use of these sensors would be the design and implementation
of systems for the detection, classification and evaluation of strokes in real
competition situations (183-186). Finally, the NOTCH® sensor can be

considered an economical and valuable tool for field-based experimentation.

Study limitations are associated with iron structures within laboratories
that may interfere with electronic devices for data collection and the sample
size used since it was not determined by statistical methods. Despite this,
level of agreement between both measurement systems was strong, and the
differences (measured as RMSE) seem small enough to detect differences in
elbow angulations during tennis forehand. IMUs allow evaluating in natural
playing conditions, something which, until recently, was difficult to do with
traditional photogrammetric systems. Others limitations of the study is that
the IMU and OS system signals could not be synchronised by electrical pulse
and that the S2 and forearm marker cluster were not attached together.
Therefore, we believe that work that analyses the validity of these devices in
a controlled laboratory situation is very necessary and should be done before
using them to evaluate the kinematics of hitting the field. Further research is

required to check the validity and reliability of the NOCTH® measurements in
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different anatomical joints and strokes. Also, future studies could include
other IMUs (e.g., Xsens) attached to the same location as NOTCH® (on top of
each other), and the same analysis could be performed on both. This is
because, obtaining RMSEs of < 10° in a limited testing condition (limited
number of trials, limited duration of the test, limited number of participants,
limited type of motions) does not truly reveal the validity of the IMUs.
However, given the errors of another well-established IMU, such as Xsens, a
reader could understand the true potential of the NOTCH® sensors. Also, it
would be important to conduct an independent study to validate the
orientation measured with proprietary sensor fusion of NOTCH®. The
characteristics of these sensors (high sampling frequency and high
measurement ranges of the accelerometer, gyroscope and magnetometer)
and the possibility of programming them via an APl provided by the
manufacturers (wearnotch.com) make them ideal for advanced biomechanics

assessment in tennis.
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4.2.7. Conclusions

This is the first study to analyse the validity of IMUs for measuring elbow
joint angles by comparing data with an optoelectronic system, at different
sampling frequencies during tennis forehand. The results indicate that the
NOTCH® inertial measurements system is a valid and reliable tool to measure
elbow joint angles during tennis forehand. Even though all sampling
frequencies analysed (100 Hz, 200 Hz and 500 Hz) showed good validity and
reliability scores, the best results were obtained at 500 fps, so it is
recommended to use this sampling frequency for short recordings (wherein
the memory or the computation time is not a concern). Finally, although a
simple signal transformation must be applied before use, NOTCH® sensors can
help develop and refine technical actions and to correct biomechanical
inefficiencies. Also, the potential of a low-cost tool will be an aid for tennis
coaches and sports science researchers, who have limited access to

laboratory evaluations.
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4.3. ESTUDIO 3: KINEMATICS DIFFERENCES BETWEEN ONE-HANDED AND
TWO-HANDED TENNIS BACKHAND USING GYROSCOPES. AN
EXPLORATORY STUDY

Este estudio ha sido publicado en la revista International Journal of
Racket Sports Science, en el aifio 2022, volumen 4, numero 1, paginas 16-24.
Sus autores fueron: Emilio J. Ruiz-Malagén; Gabriel Delgado-Garcia;

Maximiliano Ritacco-Real; Victor M. Soto-Hermoso.

4.3.1. Resumen

El objetivo principal de este estudio fue comparar la cinematica angulary
la coordinacion intersegmentaria de miembros superiores entre el revés a dos
manos y a una mano en una muestra de 20 jugadores masculinos de
competicion mediante el uso de giréscopos. Ademas de, comparar la
velocidad y precision de la pelota obtenida en ambos tipos de revés. La
cinematica angular, la coordinacién intersegmentaria, la velocidad de la
pelota y la precisién se compararon durante un test de golpeo especifico
utilizando cuatro sensores inerciales (tronco, cabeza, brazo y antebrazo). Se
encontraron diferencias significativas en términos de wyico Y coordinacion
intersegmental en algunos de los segmentos medidos entre DH y SH mediante
el uso de giroscopios, pero ocurrid lo contrario en las variables velocidad de
la pelota y precisidon ya que no se encontraron diferencias significativas entre
el revés a una mano y el revés a dos manos en términos de velocidad y
precision. Sin embargo, se encontraron velocidades angulares maximas mas
altas en el tronco y el brazo sobre el eje x en el revés a dos manos, lo que
podria indicar que este tipo de revés genera una mayor rotacién del tronco y

rotacién externa del brazo y antebrazo en comparacion con el revés a una
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mano. Las velocidades angulares mdaximas fueron mayores en el brazo y
antebrazo en el eje z en el caso del revés con una mano, lo que se relaciona
con una mayor extensién del antebrazo acompanada de una mayor
terminacion del gesto técnico. En conclusidn, el modelo propuesto de analisis
biomecanico mediante el uso de giroscopios es especialmente util para el
analisis cinematico de los golpes de tenis en situaciones reales de juego y
podria adaptarse facilmente a otros deportes de raqueta. También es una
alternativa portatil y de bajo costo que incluye toda la instrumentacién y

procesamiento de datos.

Palabras clave: wearable; sensor inercial; velocidad angular; miembros

superiores; deportes de raqueta.

4.3.2. Abstract

The main objective of this article is to compare angular kinematics and
intersegmental coordination of the upper limbs between two-handed and
one-hand backhands in a sample of 20 male competition players by using
gyroscopes and compare ball speeds and accuracy obtained in both types of
backhand. The angular kinematics, intersegmental coordination, ball speed
and accuracy were compared during a specific stroke performance test using
four inertial sensors (trunk, head, arm and forearm). We hypothesize that
significant differences will find in terms of wpeak and intersegmental
coordination in some of the segments measured between DH and SH by using
gyroscopes, but the opposite will happen in the variables speed ball and
accuracy. There are no significant differences between one-handed backhand
and two-handed backhand in terms of speed and accuracy. Although, higher
peak angular speeds were found in the trunk and arm over the x axis in two-

handed backhand, which could indicate that this type of backhand generates
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greater trunk rotation and external rotation of the arm and forearm
compared to one-handed backhand. The peak angular speeds were greater in
the arm and forearm on the z axis in the case of one-handed backhand which
is related to a greater extension of the forearm accompanied by a higher
termination in the technical gesture. In conclusion, the proposed model of
biomechanical analysis through the use of gyroscopes is especially useful for
kinematics analysis of tennis strokes during field-based experimentation and
could easily be adapted to other sports. It is also a low-cost and portable

alternative that includes all instrumentation and data processing.

Keywords: Wearable; inertial sensors; angular speed; upper body; racquet

sports.

4.3.3. Introduction

Physical fitness, motivation and tactical dexterity are important aspects
to get a good performance in tennis, but the mechanical efficiency of the
player’s strokes often determines the level of success both recreationally and
competitively (187). Although the forehand allows generating more speed,
effect of the ball and accuracy after the impact than backhand, this is also a
basic groundstroke and is becoming increasingly important in modern tennis
(188—190). A player decision to use two-handed backhand (DH) or one-
handed backhand (SH) is a key point in the tennis learning process, since he
will be able to obtain a major or minor biomechanical efficiency in this stroke
depending on his decision (26). For example, DH is the type of backhand that
most of the baseline players usually choose, while the versatile players seem
more likely to choose SH because it is easier for them making net approach
strokes and backhands volleys (26). Young tennis players prefer DH during

their initiation phase since it requires less force than SH (45). Another factor
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that favors the selection of DH over SH in adult beginner players is that SH is

more susceptible to tennis elbow (45, 46, 220).

There is a need to carry out research that analyses the kinematics of the
backhand since it is less studied than forehand or serve (26, 221), since
backhand is one of the two basic groundstrokes in tennis and the evolution
of the backhand represents one of the biggest changes in tennis over the past
decades (26). The segments used for performing both backhands (DH and SH)
are the same: hips, shoulder, upper arm and hand/racket rotation (193).
Instead, 3D photogrammetry research indicates biomechanical differences
between DH and SH (26, 45, 223). These studies show a sequential
coordination between the different segments involved in performing the two
backhands (195). It has been shown that Cl occurs from proximal to distal in
terms of angular velocity and linear velocity (25) and that the moment of
maximum trunk rotation acquires a fundamental character in the

performance that we can achieve in this stroke (26).

The biomechanical parameters of tennis strokes have been widely
studied in laboratory conditions, but there is a shortage of studies that do it
on the court (195). Only some biomechanical studies make of use inertial
sensors in tennis (212, 225), however after reviewing the literature, in most
cases the devices are placed on the racket or forearm, and tennis
performance is the result of sequenced whole body coordination (195). It will
be vital also to analyse the trunk, arms and head to have a more complete

monitoring of the kinematics of the stroke (197).

Previous studies have shown that inertial measurement unit (IMU)
gyroscopes are a valid alternative to 3D optical motion capture system for

angular kinematics analysis in tennis (67) since they allow capturing the
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rotational movements in the three axes of space; record the peak angular
speeds (wpeak) Of the different segments and differentiating between different
levels of play (198). They also allow to discriminate the different phases of the
strokes (228, 229) and obtain the sequencing of the segments that are part of

the kinematics of the stroke (200).

The main objective of this article is to compare angular kinematics and
intersegmental coordination of the upper limbs between two-handed and
one-hand backhands in a sample of competition players by using gyroscopes.
In addition to comparing ball speeds and accuracy obtained in both types of
backhand. We hypothesise that significant differences will find in terms of
Wpeak and Cl in some of the segments measured between DH and SH by using
gyroscopes, but the opposite will happen in the variables speed ball and

accuracy.

4.3.4. Methods

Sample

A sample of 20 male advanced players with a minimum of 15 years of
experience (all of them were taking part in regional competitions) was used,
10 with DH and 10 with SH. The age range of the sample was 17 to 49 (29.55
+ 8.16) years. The anthropometric characteristics of the participants were
obtained using the Inbody 230 biocimpedancemeter (Inbody Seoul, Korea).
The average height of the sample was 177.33 cm = 5.5 (means + standard
deviation), weight 79.3 Kg + 12.66, body mass index 25.9 + 3.94, body fat mass
15.76 Kg £ 9.34 and skeletal muscle mass 35.22 Kg + 4.48. Participants were
instructed to have fasted in the previous two hours and not to have

performed strenuous physical exercise in the 48 hours prior to the study.
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Sample exclusion criteria were musculoskeletal injury and the use of
medications that could cause problems during the test. After receiving
detailed information on the objectives and procedures of the study, each
subject signed an informed consent form in order to participate, which
complied with the ethical standards of the World Medical Association’s
Declaration of Helsinki (2013). It was made clear that the participants were
free to leave the study if they saw fit. The study was approved by the

Institutional Review Board.

Procedures
Specific stroke performance test

The test was performed on indoor court with type A surface (106). Each
player used their own racket, which was previously checked to ensure that it
was in good condition according to the criteria of the International Tennis
Federation (106). Since the tension of the racket strings affects the control
and the power of the stroke (201) it was measured with a tensiometer
(Tourna stringmeter, EE.UU). The tensions of the rackets were in a range of
19 to 25 kilograms. Sixty new and well-pressurized tennis balls (Wilson
Trainer) with weight and size characteristics were used within the standards
allowed by the ITF (106). The tennis ball machine (Lobster Gram Slam 4,
Lobster Sport Inc. North Hollywood, CA. EE.UU) it was calibrated before the
start of each test following the manufacturer's instructions. Before starting
the test, participants performed a standardized 8-minute warm-up divided
into general warm-up (mobility exercises) and specific that it consisted of a 5-
minute rally with a high-level player (it was the same for all participants). The
subjects were given a heart rate monitor with the aim of controlling heart rate

and thus preventing fatigue from being a contaminating factor during the
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development of the protocol. The next stroke series was not started until the
subject reached a difference maximum of 10 ppm regarding the pulsations

measured just after warm-up (107).

After the warm-up, the protocol was explained to the subjects. The stroke
protocol is based on previous study of Lyons et al., (107). A total of 600
backhands were recorded (300 DH and 300 SH). To ensure that the time
between strokes was constant in all subjects and in all series the resultant
angular speed (Ry) of the forearm sensor was used, taking the moment of
appearance of the peaks (each peak was considered an impact), following a
similar process from a previous study to detect falls (202). The total average
time between strokes was 3.42 + 0.025 seconds. The test consisted of three
stroke series (alternating forehand and backhand) with 20 strokes each. The
participants always had to hit parallel trying to send the ball to the different
objectives of the opposite court (figure 16). The players were asked to
"achieve the objectives with the greatest possible speed", similar indication
to that made in previous studies of stroke accuracy (39, 232). The Stalker Pro
Il speed radar (Stalker Radar, Plano, Texas) was placed in the center of the
track and was oriented parallel to the lateral lines with the intention of
minimizing the error due to the angle of the trajectory of the ball (204). The
ball bounce was recorded at 60 fps with a rear and aerial viewpoint using the
Panasonic HC-V160EC-K camera (Panasonic, Japan) with the aim of obtaining
the accuracy achieved by each player. The accuracy of each shot was
evaluated according to the area of the court where the ball had bounced
(Figure 16). The balls that bounced off these targets were scored with zero.
The total accuracy was calculated as the percentage of points obtained in

relation to the total points possible.
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Figure 16. Stroke test with the dimensions and scores of the targets. The targets for the
bottom shots are represented by the values 1, 2 and 3. The numbering of each
zone corresponds to the score awarded to the participant. TM: Tennis ball
machine

Analysis of the gyroscope signal

A peak analysis of the gyroscope signal (Nexgen Ergonomic, Montreal,
Canada) was performed in order to find both the magnitude and the
moments of maximum rotation (rad s) of different segments during each
stroke. 5 sensors (Nexgen Ergonomic, Montreal, Canada) were placed on the
trunk, head, arm, and dominant forearm. This sensor location follows the
guidelines of previous works (67, 227, 234). Locations and own axis of each
sensor is shown in Figure 17. They were used at a sampling frequency of 128
Hz and record synchronously between each other. According to the
manufacturers x and y axis gyroscopes has a range of + 2000 deg s and a
typical noise density of 0.81 mrad/s/+'hz and the z axis has a range of 1500

deg s'and a typical noise density of 2.2 mrad/s/vhz.

130 | RESULTADOS: ESTUDIOS DESARROLLADOS



Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

X

Py <
z,\@"/,@\ (@7

Figure 17. Positioning of the sensors and rotation axes. The circles represent the plane of
rotation. The rotations on the x axis correspond to the turns on the longitudinal
axis of the segment

To verify the validity of the inertial sensors, an internal validation study
was carried out with five subjects of different levels. The gyroscope signal was
compared with a 3D photogrammetric analysis system (OptiTrack, Natural
Point Corvallis, USA) and analyzed with Visual 3D (c-Motion, Inc., Rockville,
MD, USA). The gyroscopes were placed in the same locations that in the
stroke test described previously and each subject executed 5 series (2 series
of forehands, 2 series of backhands and 1 series of serves) of 20 strokes each
series hitting a ball fixed in an elastic bar (laboratory conditions). The signals
of angular velocity in each of its axis (x, y and z) acquired with both systems
(sensors gyroscopes and markers-based gyroscopes) was compared. For this,
300 correlations were made in which the average r was 0.985 + 0.018 in

forehand and backhand situations with and without the ball.
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Angular Kinematic

The original unfiltered gyroscope signal was used to not modify the height
of wpeak. A semi-automatic peak search was carried out using the Origin 9
software (OriginLab Northampton, MA), with the function of the software
"peak analysis". It was visually verified that the peaks were correctly selected
with the TK Motion Studio software (APDM Inc, Portland, OR, USA), which
allows us to capture the synchronized signal with a GoPro video camera
(GoPro Inc., San Mateo, CA) set at 60 fps, so that strange peaks can be
identified and discarded. This analysis aimed to find both the magnitude and
the moments of maximum rotation (rad/s) of the different segments during
each stroke of the series. Taking into account the duration of a stroke and in
order to avoid false positives, only those wpeak that were found at + 25
samples of the moment of appearance of the resulting peak of angular speed
of the forearm (Rwpeak Of the forearm). Other authors have also used the

Rwpeak to determine events (202).

Intersegmental coordination

A comparison of the IC was made between wpeak0f the forearm (reference
sensor) and wpeak Of the trunk, wpeak of the head and wpeak of the arm, for DH
and SH. IC is related to the sequence of movements of the aforementioned
segments. Other authors (71) have used the moment when the segment
begins to rotate (angular velocity changes sign and increases or decreases
significantly). However, in the present work it has been preferred to select
the wpeak, since in such explosive gestures as tennis strokes the moment of
rotation start is more difficult to detect because the signal changes sign at
several points on the x axis. In the case of trunk and arm, wpeak Were selected

on the x axis (which corresponds to the longitudinal axis of these segments),
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where it is expected greatest angular speed will be found (due to the moment
of inertia with a lower rotation radius). In the case of the head, the resulting
was selected (Rwpeak Of the head), since it is more complex to determine the
axis of rotation on which the maximum angular velocity occurs (the neck joint
allows more degrees of freedom). The unit of IC is the number of samples.
This unit can be transformed into time by dividing it by the sampling
frequency of the sensors (128 Hz). Finally, IC was calculated by subtracting
the moment of appearance of the wpeak of the segment in question (trunk,
head and arm) at Rwpeak Of the forearm. Rwpeak of the forearm was considered
the closest point to the impact of the ball. Bourke & Lyons (202) also used Rw
but in a sensor placed on the trunk. In our study, a positive value in Rw

indicates that the peak appears after the moment of impact and vice versa.

Statistical analysis

Descriptive statistics are represented as mean and standard deviation.
Tests of normal distribution and homogeneity, determined by the
Kolmogorov Smirnov and Levene’s test, respectively, were conducted on all
data before analysis. The accuracy of each participant was presented as the
percentage of points achieved with respect to the total (90 points) and the
speed as the average speed of all their hits. Unpaired comparisons of means
(t-test) were conducted between data from the two types of backhands for
the variables stroke speed (km/h) and accuracy (%). The magnitude of the
differences between values was also interpreted using the Cohen’s d effect
size (ES) (between-group differences (177). Effect sizes are reported as: trivial
(<0.2), small (0.2-0.49), medium (0.5-0.79), and large (20.8) [30]. In contrast,
the wpeak and IC of the different segments analysed did not follow a normal

distribution. Therefore, a Mann-Whitney-Wilcoxon independent means
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comparison test was performed. The level of significance used was p<0.05. All
statistical analyses were performed using the Origin 9 software program
(OriginLab Northampton, MA), except the effect sizes that were calculated

with the Psychometric freeware (114).

4.3.5. Result

In table 10 we can see a comparison of the average speeds generated to
the ball and the accuracy (%) of both types of backhands (SH and DH). Where
despite the fact that the DH values are slightly higher for both average ball
speed and accuracy, no significant differences were found between them (P>

0.005).

Table 10. Comparison of average ball speed and accuracy between DH and SH of all
participants

Pl(as\:-le)rs Ball speed *  Accuracy % PI(;\/:;S Ball speed * Accg/oracy

1 103.2 61 1 90.8 32

2 104.4 33 2 103.2 58

3 89.6 37 3 96.9 35

4 103.9 46 4 87.9 43

5 96 52 5 76.9 31

6 82.5 52 6 82.5 45

7 94.3 43 7 82.8 36

8 92.3 40 8 87.5 60

9 81.1 34 9 92.3 36

10 98.9 42 10 90.1 43
Total 89.09 + 7.52* 42 +0.1* Total 9;1..212*1 44 +0.08*

* Means * standard deviation; * Average ball speed
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Figure 18 shows the comparison of the mean of wpeak between DH and
SH. Significantly higher wyeak (rad / s) were obtained for the DH on the x axis
of the sensors placed on the trunk and arm, and on the y axis of the sensor
placed on the forearm. The effect size was large in the three cases (> 0.8). In
the case of SH, wpeak higher were obtained on the z axis of the sensors placed
on the forearm and arm. Being in the case of the arm a moderate effect size

(0.5-0.79) and in the forearm a large effect size.
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Figure 18. Comparison of the average of wpeak between the two types of backhands on the
different segments analysed (SH and DH). * p <0.025; ** p <0.01; *** p <0.001;

* 1 small effect size; Tt medium effect and Tt large effect
Figure 19 represents the IC in relation to the temporal differences in the
appearance of the wpeak 0of the analysed segments, taking as reference Rwpeak
of the sensor placed in the forearm, between DH and SH. Significant
differences were found in the appearance of the wpeak Of the sensors placed
on the arm and head between DH and SH. The effect size was small in both
cases (0.2-0.4). There were no significant differences in the appearance of the

Wpeak between DH and SH in the sensor placed in the trunk.
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Figure 19. Comparison of the IC in the appearance of wpeak in analysed segments taking as
reference Rwpeak Of the sensor placed in the forearm, between the DH and SH.
Black rhombuses correspond to DH and white rhombuses with SH. * p <0.025;
** p <0.01; *** p <0.001; t small effect size

4.3.6. Discussion

Ball speed and accuracy

The average ball speed in SH was 89.09 + 7.52 Km/h while that in DH was
94.62 + 8.41 Km/h, although it is slightly higher in the DH no significant
differences were found between them. Previous studies found that there are
no differences in the ability to generate ball speed between DH and SH (206).
Regarding the accuracy obtained in the stroke performance test, no
significant differences were found between DH and SH (42% vs 44%), which
corroborates the results of previous studies (44, 236), which also did not find

differences in accuracy comparing DH and SH. Both our results and of the
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literature consulted suggest that racket speed, ball speed and the accuracy of
the stroke should not be affected by the type of backhand used; other factors
such as kineanthropometry, coordination skill or player style will determine
these variables (193). Thus, our hypothesis is fulfilled since there are no
significant differences in terms of ball speed and accuracy between DH and

SH.

Angular Kinematic

In the present study biomechanical differences have been obtained in the
wpeak between DH and SH through the use of gyroscopes, which coincides with
the results of the previous studies (26, 45, 47, 49, 222) in which similar
differences were detected comparing both types of backhands by using 3D
photogrammetry. Significantly larger wpeak Were obtained in the sensors
placed on the trunk and arm on the x axis (rotational movements on the
longitudinal axis) for DH, it is consistent with previous studies (26, 48) since
both studies conclude that this type of backhand generates greater trunk
rotation and external rotation of the arm and forearm compared to SH. They
were also found wpeak significantly larger for the sensor placed in the forearm
on the y axis in the DH, but after reviewing the literature we have not found
references that justify the finding. Instead, they were found greater wpeak in
the SH in the sensors placed on the arm and forearm on the z axis, which
conforms to the results of Knudson & Blackwell (44) and Reid & Elliot (193)
who detected a greater extension of the forearm accompanied by a higher
termination in the technical gesture of the SH compared to the DH in a sample
of competitive tennis players. In order to talk about anatomical movements
based on wpeak (captured with inertial sensors) in the different axes, we have

to rely on the results of Choppin et al. (47) that indicate that the angle
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between the face of the racket and the vertical is from 14 to 33 degrees.
Taking into account the anatomy of the wrist, if the player will use an east
grip or a little more closed such angle would make the forearm practically
perpendicular to the ground, so that the y axis sensor would be parallel to the
vertical and therefore a greater movement in z axis will indicate that the

trajectory of the racket follows a path with greater vertical component (36).

Intersegmental coordination

The comparison of the IC of the wpeak between both types of backhand
showed that both meet a sequential coordination between the different
segments involved in the realization of the stroke (195). In addition, as in the
study by Marshall and Elliott, (25) such sequential coordination occurs from
proximal to distal in terms of angular speed and linear velocity for both, SH
and DH. The point of maximum trunk rotation in the DH is significantly closer
to the moment of maximum rotation of the forearm than in the SH, which
could indicate that the hip begins to rotate earlier during two-handed
backhand. The biomechanical differences found between DH and SH in terms
of wpeak and intersegmental coordination in some of the segments

measured using gyroscopes confirm our initial hypothesis.

Head stabilization

In other sports where precision is an important factor, inertial sensors
have been used to study the movements of the head (208) but there are not
many scientific studies about the movements of the head during a tennis
stroke (34). Yet, gaze direction is a subject of great interest for tennis coaches
(209). In our study, there were significant differences in the moment of

appearance of the wyeak of the head. It is difficult to discuss these results since
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the movement of the neck depends to some extent on the movement of the
trunk (this needs to be further studied). This wpeak Of the head during the
impact could affect the movement control and the accuracy of the stroke, as
can be deduced from the conclusions of the study by Lafont (209), who
revealed that elite players show a characteristic head fixation in the direction
of the contact zone at impact and during the follow-through. It is not clear if
this head fixation is more related to maintaining a stable head and body
position during skill execution or to the need to extract operational

information from the ball (209).

Five-marker model has been the most used with 3D photogrammetric
systems to analyse biomechanical differences between DH and SH (43, 221,
222). In contrast, in our study with inertial sensors, four sensors have been
used since the legs sensors were suppressed in order to capture only the
kinematics differences of the upper body (198). The results of the present
study should be interpreted with caution because of possible errors when
performing analysis of human movements (194). Placed instruments may also
contain a source of error due to skin movement (210). Another limitation of
the study was the number of participants used and their play level
(intermediate). In future studies, the sample will be significantly increased
and only competitive tennis players will be measured. In addition, it might be
interesting for future studies to determine the maximum speed without to
obtain a reference value. It could be that and athlete increases their accuracy

at the expense of speed.
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4.3.7. Conclusion

The proposed model of biomechanical analysis with gyroscopes is
especially useful for the kinematic of tennis strokes during field-based
experimentation and could easily be adapted to other hit sports with and
without implements. It is also a low-cost and portable alternative that
includes all instrumentation and data processing respect to others motion
capture systems. Our hypothesis is fulfilled in the light of the results of the
study. There are no significant differences between one-handed backhand
and two-handed backhand in terms of speed and accuracy. Although it has
been shown that there are significant biomechanical differences between
two backhands, higher peak angular speeds were found in the trunk and arm
over the x axis in two-handed backhand, which could indicate that this type
of backhand generates greater trunk rotation and external rotation of the arm
and forearm compared to SH. The peak angular speeds were greater in the
arm and forearm on the z axis in the case of one-handed backhand which is
related to a greater extension of the forearm accompanied by a higher
termination in the technical gesture. Both types of backhands followed a
sequential coordination from proximal to distal, but in the two-handed
backhand the moment of maximum trunk rotation was located significantly
closer to the point of maximum rotation of the forearm compared with one-

handed backhand.
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4.4. ESTUDIO 4: FIELD-BASED UPPER-BODY MOTOR VARIABILITY AS
DETERMINANT OF STROKE PERFORMANCE IN THE MAIN TENNIS
STROKES

Este estudio ha sido publicado en la revista Proceedings of the Institution
of Mechanical Engineers, Part P: Journal of Sports Engineering and
Technology, en el afio 2023. Sus autores fueron: Emilio J. Ruiz-Malagén; Jos
Vanrenterghem; Maximiliano Ritacco-Real; Francisco T. Gonzalez-Fernandez;

Victor Manuel Soto-Hermoso; Gabriel Delgado-Garcia.

4.4.1. Resumen

El rendimiento en tenis depende en gran medida de la repeticién habil de
varios tipos de golpes de tenis; sin embargo, el papel de la variabilidad motora
ha recibido poca atencidon cientifica, especialmente a nivel intrasujeto. El
presente estudio tiene como objetivo evaluar el papel de la variabilidad
motora en funcion de los golpes, segmento corporal y el nivel de experiencia.
Treinta y cinco jugadores realizaron una prueba de golpeo en pista (se
analizaron primer y segundo servicio, golpes de derecha y de revés) con
cuatro giréscopos sincronizados colocados en el tronco, la cabeza, la parte
superior del brazo y el antebrazo. La variabilidad se midié en base al
coeficiente de variacion (CV) de los picos de velocidad angular en cada
segmento del cuerpo durante los golpeos. El test MANOVA reveld una mayor
variabilidad motora en el golpe de derecha y el revés que en el servicio (p <
0.001), siendo los segmentos de la cabeza y el antebrazo los que mostraron
la mayor variabilidad (CV > 15 % en algunos casos). Este resultado también se
tradujo en diferencias en la variabilidad entre niveles de experiencia, siendo

la variabilidad mayor entre los jugadores de niveles inferiores (p < 0.02 en
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todos los golpes, con Cohen d > 1 en algunos casos). En resumen, los golpes
de fondo podrian implicar movimientos cinematicos mas compensatorios
para mantener estable el resultado de la accién. Se debe considerar la
variabilidad motora para evaluar el rendimiento, ya que se encontré una
variabilidad motora reducida en jugadores con mayor nivel de experiencia. La
accion compensatoria de los segmentos corporales (especialmente en los
golpes de fondo y en el antebrazo y la cabeza, donde los coeficientes de
variaciéon eran altos) debe estudiarse en profundidad porque puede ayudar

en el disefio de tareas motoras, haciéndolas mas especificas.

Palabras clave: MENS; deportes de raqueta; aprendizaje motor; flexibilidad
motora; adaptacion; rendimiento; coordinacién motora; coeficiente de

variacion.

4.4.2. Abstract

Performance in tennis relies heavily on the skillful repetition of several
types of tennis strokes, yet the role of motor variability has still received little
scientific attention — especially at the within subject level. The present study
aims to evaluate the role of motor variability depending on the strokes/body
segment and the level of expertise. Thirty-five players performed a field test
(including first and second serves, forehand and backhand strokes) with four
synchronized gyroscopes placed on the trunk, head, upper arm and forearm.
Variability was measured based on the coefficient of variation (CV) of the
angular velocity peaks per stroke in each body segment. MANOVA revealed
greater motor variability in the forehand and backhand than in the serve (p <
0.001), with head and forearm segments showing the highest variability (CV
> 15 % in some cases). This result also translated to differences in variability

between levels of expertise, with variability being greater among lower level
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players (p < 0.02 in all strokes, with Cohen d > 1 in some cases). Summarized,
groundstrokes could imply more compensatory kinematic movements to
keep the result of the action stable. Motor variability must be considered to
evaluate performance, as a reduced motor variability was found in players
with higher level of expertise. The compensatory action of the body segments
(especially in groundstrokes and in the forearm and head, where the
coefficients of variation were high) should be studied in depth because it can

help design motor tasks, making them more specific.

Keywords: MEMS; racket sports; motor learning; motor flexibility,

adaptability, performance, motor coordination, coefficient of variation.

4.4.3. Introduction

Tennis is a sport with a long history of biomechanics research. Tennis
groundstrokes are ballistic nature techniques that require the coordination of
multiple body segments (23). One of the main components of motor
coordination is the movement variability, i.e., the trial-to-trial differences in
body kinematics while performing a motor task (211). Variability in the
execution of sports skills is important to the performance itself, for the
development of skills, and in experimental research (212). The study of motor
variability, as applied to sports actions, has been carried out by specialists in
the area of motor control and, until recently, has been largely overlooked by
sports biomechanics (213). Motor variability has traditionally been associated
with motor noise generated in the central nervous system, creating a limiting
factor to technical performance (214). Dynamical systems theory suggests
that the organisation of the sensory-motor system implies the interaction of
various constraints, such as the task, the environment and the organism, to

produce movement. From this theory, it is apparent that variability in

RESULTADOS: ESTUDIOS DESARROLLADOS | 145



Estudio 4.

movement systems is omnipresent and unavoidable due to the distinct
constraints that shape each individual’s behaviour (214). In fact, the theory of
dynamic systems differentiates between motor coordination variability and
outcome variability. For this reason, in a goal-directed task, outcome
variability in terms of the result of the action, is intended to be stable for
optimal performance (244, 245). Motor coordination variability relates to the
underlying movements, which must be modified according to the conditions
of the environment (extrinsic factors such as wind or irregular ground) or
alterations related to athlete self-reports (intrinsic factors such as perceived
confidence or fatigue) (245, 246). In a similar line Davids et al. (214) indicate
that motor coordination could have a compensatory function because
variation of one execution parameter is compensated by changes in other
movement parameters so that outcome variability can be minimized (218).
Therefore, from a dynamical systems perspective, a higher level of technical
performance requires a higher level of motor coordination variability and a
lower level of outcome variability. In the case of tennis, motor variability has
been studied mainly with respect to the serve (218-221), the forehand (27,
251), the variability in target accuracy (i.e. the way in which the ball bounces
are distributed on the court) (41, 252) or how the variability of the racket's

trajectory affects target accuracy (253, 254).

Differences in variability between strokes and between segments may
reflect the mechanical idiosyncrasies of each type of stroke and the
mechanical actions of the different segments. In other words, analysing
motor variability in throwing tasks could aid to evaluate the action of different
body segments and to study the coordination strategies used. Based on the
theory of dynamic systems, this knowledge could reveal much about the

strokes and segments where compensatory movements have special
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importance. Wagner et al., (226) analysed handball throws and found greater
variability in the distal joint segments (associated with a compensatory
function that may help to ensure suitable throwing), similar to what Button
et al.,, (227) had found for basketball shooting (they suggested that
compensatory motions of the elbow and wrist joint served to adapt to
changes in release parameters of the ball). In tennis strokes, where high
speed of the distal joints is reached and where subtle changes in racket
trajectory could differentiate between successful and unsuccessful shots
(224) it would be interesting to study the variability of the different body
segments and compare the differences depending on the stroke. Despite all
these investigations, there is very little research comparing motor variability
between the three main tennis strokes, i.e., the forehand, the backhand and

the serve.

The analysis of variability between player’s levels of expertise can reveal
important information about how skilled players satisfy situational
constraints (227), helping us improve our understanding of motor
coordination of complex movements (226). It could help in deciding whether
to take variability as a variable related to performance, and not only the
segmental contribution as normally done (177, 257). Wagner et al. (226)
found a decrease in movement variability in highly skilled handball players
and Lees and Rahnama (212) also suggest that highly skilled football players
may be able to demonstrate less variability in the reproduction of a skill
associated with a constrained task (e.g., kicking a ball to a target). On the
contrary in basketball free-throws, Button et al. (227) found that
improvement in skill level was associated with increased movement
variability, and explained this founding based on the aforementioned theory

of dynamic systems. Others have found that variability shows a U-shaped
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curve in relation to the skill level of the athlete (229) differentiating between
random variability (present in novices) and active functional variability (that
of expert players). In the particular case of tennis, movement variability is
believed to negatively impact serve performance by reducing both speed and
accuracy of the ball (219). However, Whiteside et al. (230) showed that
increased motor variability did not reduce serve accuracy. Nevertheless,
these studies analyse variability at the within-subject level and do not
consider the level of play as an independent variable, so the relationship
between motor variability and the level of expertise is not clear and should

be studied further.

Following the above discussion, the present study aims to compare the
intra-subject motor coordination variability of the main tennis strokes —i.e.,
groundstrokes and serves — by treating both the level of expertise and the
body segment as independent variables. The hypothesis of the study is that
mechanical differences between the different strokes and segmental actions
will induce different values of variability (having higher values in the distal
segments that will have a functional or compensatory function) and that the
highest-level players will be those with the lowest motor coordination
variability scores. Strengthening knowledge of the strokes and/or body
segments that present the highest values of motor variability could improve
the process of designing motor tasks. The results of the present research
could also provide information on whether the kinematic variability allows

differentiating between game levels, particularly in tennis.
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4.4.4. Methods

Participants

A total of thirty-four tennis players of different ages and levels
participated in this study. According to the International Tennis Number
(105), 12 players could be classified as advanced (level 2-4 players; age = 27.8
+ 9; height = 180.3 + 6.5; weight = 77.3 + 7.7; body fat percentage = 12.9 +
2.5; body mass index = 23.7 + 1; skeletal muscle mass = 38.3 + 3.8), 12 players
as intermediate (level 5-6 players; age = 34.4 + 9.4; height = 176.4 £ 5.9;
weight =77.9 £ 13.2; body fat percentage = 18.5 + 8.5; body mass index = 25.1
t 4.4; skeletal muscle mass = 35.7 + 2.9) and 10 players as recreational (level
8 players; age =27 £ 11.2; height = 177.9 £ 6.3; weight = 73.9 + 10.9; body fat
percentage = 17.6 £ 3.9; body mass index = 23.3 £ 2.5; skeletal muscle mass =
33.5+4.2). Body composition was tested through bioimpedance (Inbody 230,

Inbody, Seoul, Korea).

Inclusion criteria for the participants in this study were: (i) reporting
normal vision and no history of any neuropsychological impairments that
could affect the results of the experiment, (ii) not presenting any injuries
during the previous two months, (iii) giving consent, and (iv) not having

engaged in vigorous physical activity in the previous 48 hours.

The participants were informed about the main goals of the investigation
and signed informed consent forms. Participants were informed that they
could revoke the participation agreement at any time. The tennis players
were treated according to the American Psychological Association (APA)
guidelines, which ensured the anonymity of participants’ responses. In

addition, the study was conducted following the ethical principles of the
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Declaration of Helsinki for human research and was approved by the local

research ethics committee.

Procedures

Measurements were performed at the Sport and Health Research
Institute (University of Granada). For each player, data was collected only
once. To make sure that they met the inclusion criteria, each athlete
completed a brief questionnaire on general aspects about history of injuries,
rest and training. After that they performed the physical tests. A maximum of

two players were scheduled per day.

Specific stroke performance test

In the present study motor coordination variability was assessed through
multiple Nexgen triaxial IMU sensors (Nexgen Ergonomic 12M SXT, Montreal,
Canada; size: 48.5 x 36.5 x 13.5 mm?3; weight: 22 g), which have been shown
to be valid for analysing angular kinematics in tennis strokes by comparing
them against a photogrammetric motion capture system (67). The study
participants were fitted with four Nexgen triaxial inertial sensors
(synchronized with each other, at a sampling frequency of 128 Hz) placed on
the trunk, head, upper arm and forearm (67). The alignment of the local
gyroscopes axes assumes the correct manufacturer axes alignment, as done
in previous studies (67). As the aim was not to calculate joint angles, the axes
between the different sensors were not aligned either physically or
mathematically. The intention in the placement of the sensors was to align
the gyroscope axes with the corresponding axes of each body segment. With
the subject in anatomical position, one of the sensor axes was aligned with

the longitudinal axis of the segment (the x-axis of the trunk, arm and forearm
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sensor and the z-axis of the head sensor), so that the acceleration value
(observed on the real-time graph of the sensor recording software) was close
to the value of 1G. The alignment of the other two local axes of the sensors
with the anteroposterior and mediolateral direction of the segment, was
done visually trying to align the sensor faces with the mediolateral and

anteroposterior face of the segment (Figure 20).
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Figure 20. Sensor placement and axis directions

The specific stroke performance test was based on previous research
(231). Before beginning the test, an eight-minute warm-up was performed,
which consisted of joint mobility exercises and a five-minute rally (back and
forth groundstrokes practice between two tennis players), two minutes from
the service lines and three from the baselines, with the same expert trainer
present at every test session. The stroke test was performed on a hard court

with acrylic surface of type A (106) and each player used their own racket. A
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check of the tennis racket was carried out to ensure that they were in a good
state and approved by the ITF (106). Also racket string tension was measured
with a string tension meter (Tourna Stringmeter, Tourna, London, United
Kingdom), to verify that all rackets had an adequate and similar tension. A
correlation of 0.98 (Pearson r square) was reported between this device and
a tensiometer ProsPro model MQT (ProsPro, Linz, Austria) (231). Finally, new
balls were used (Wilson Pro Trainer, Wilson Sporting Goods, Chicago, United

States) and they were changed every three participants.

All participants in the study performed a series of serves (including 10 first
serves and 10 second serves) and two series of groundstrokes (including each
series 10 forehands and 10 backhands, hitting both alternately). Therefore,
per player there were 10 first serves, 10 second serves, 20 forehands and 20
backhands groundstrokes. This number of strokes was based on previous
research analysing motor coordination variability of acyclic gestures (241,
261). The angular velocity peaks of each segment were evaluated for motor
coordination variability, and the ball speed for outcome variability. Other
studies analysing motor variability of sporting actions had also relied on the

analysis of segment or joint angular velocities (216).

The ball speed was measured using a Stalker Pro Il radar (Stalker Radar,
Texas, USA), with an accuracy of + 1 km/h according to the manufacturer. The
stroke performance test was similar to previous studies using a ball throwing
machine to standardize the trajectory of the approaching ball (233). Subjects
were asked to hit as fast as possible while still maintaining the best accuracy
values. Accuracy was analysed using the methodology of the study by Delgado
et al. (67). Inthe case of the forehand and backhand series, two 2 x 2 m targets
were placed (one in each corner of the court) and the shots were classified as

Good Shots (%) when they entered the baseline rectangle but did not hit the
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target, Very Good Shots (%) when they hit the target or Out Shots (%) if the
ball hit the net or did not enter the two aforementioned targets. In the case
of service, the target was placed back in the service box and the shots were
classified in the same way (the good shots were those that entered the service
box) (Figure 21). Three minutes of rest was allowed between series to prevent

any influence of fatigue.
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Figure 21. Diagram of the stroke test. The rectangle A and A’ represent the areas of “Very
Good Shots” (for the groundstrokes and for the service, respectively) and the B
and B’ rectangles represent the “Good shots” areas. *TM: Throwing machine

Analysis of the angular velocity signal

The IMU gyroscope sensor (prototype IDG-650 for the x- and y-axis and
ISZ-650 for the z-axis, InvenSense, Sunnyvale, California, USA) has an

integrated internal low pass filter and consequently very low white noise
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levels (67). Therefore, the untreated sensor output signals were used as done
in other studies conducting variability analyses, expecting to obtain a more
accurate representation of the variability within the system (263, 264). The
OriginLab software was used to determine the angular velocity peaks
corresponding to each stroke. Angular velocity peaks were selected in a spike
pattern and close together, to ensure that the peak occurred during the
stroke (See Figure 22 for more information). A description of the signals on
each of the axes of the gyroscopes is described in the following lines. Firstly,
we selected the angular velocity peaks largely due to the turning action of
each segment along its longitudinal axis (trunk rotation, arm internal/external
rotation or forearm pronation/supination movements) which above all
corresponds to the angular velocity peak of the sensors of the trunk, upper
arm and forearm on the x-axis (from now on referenced as: trunk-x, arm-x
and forearm-x). They were negative on the serve and on the forehand, and
positive on the backhand. The angular velocity peaks due to the rotation of
the head along its longitudinal axis or angular velocity peaks of the head
sensor on the z-axis (head-z) were also chosen. They were positive on the
forehand and on the serve, and negative on the backhand. The angular
velocity peaks related to adduction/abduction movements of the
arm/forearm (arm-y and forearm-y) were positive on the serve and on the
forehand, and negative on the backhand. Finally, the angular velocity peaks
due to flexion/extension of the arm and forearm in a fundamental position
(or arm-z and forearm-z) were selected. In the case of the arm, they were
positive on the serve and on the forehand and negative on the backhand. In
the forearm, they were positive on the forehand and negative on the serve

and backhand.
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Figure 22. Angular velocity of the signals selected for forehand (a, b), backhand (c, d) and
serve (e, f). Angular velocity peaks are indicated by a circle. The signals have been
filtered (fourth order Butterworth filter with 6Hz cut-off frequency) only to
improve visualization
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Statistical analysis

The statistical analysis was carried out with the OriginLab software, with

R and with the Real Statistic Using Excel tool (112).

As a measure of motor coordination variability, the coefficient of
variation (CV) in percentage was used, by dividing the standard deviation by
the mean and multiplying the result by 100. The use of the CV to assess motor
coordination variability is common (241, 248, 261, 265). The average of the
angular velocity peaks was also used as a descriptive parameter for the data.
Prior to the calculation of means and CVs, outliers were removed with a
conservative filter based on the median and the Median Absolute Deviation
(MAD) (237). Those peaks whose magnitude was between the median and
the MAD (237) multiplied by £ 5 were selected. The conservative value of five

times the MAD was used to eliminate a small number of strokes.

To study the contribution of the selected variables on the ball speed, the
partial correlation coefficients between each angular velocity variable and the
ball speed were calculated and a multiple linear regression analysis was
performed using the peaks of angular velocity as predictor variables and the
ball speed as output variable. The quality of the correlations was assessed
using the Evans scale (238), which establishes the following levels: (i) 0.00-
0.19, "very weak"; (ii) 0.20-0.39, "weak"; (iii) 0.40-0.59, "moderate"; (iv) 0.60-
0.79, "strong"; (v) 0.80-1.0, "very strong". Variance inflation factors were also
calculated to study possible multicollinearity problems. An inflation variance

factor above 10 was selected to indicate multicollinearity problems.

To compare the motor coordination variability between the different
strokes, a non-parametric repeated measurement MANOVA in R was

performed using the Wild Bootstrap option and Tukey multivariate post-hoc
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comparisons (including the limits of agreement) (239), considering the type
of stroke as independent variable and the coefficients of variation of the
angular velocity peaks as dependent variable. This process is clarified in Figure
23. MANOVA takes into account the covariance structure of the variables
included in the model, allows to detect multivariate response patterns, and
decreases the probability of rejecting a true null hypothesis (type | error). In
addition, repeated measure ANOVAs were made to study the differences
between strokes in each of the angular velocity peaks analysed. In this case
the post-hoc analysis was carried out using the Tukey's Honest Significant
Difference (HSD) test. The effect size (Cohen d) was provided by the Real
Statistic Using Excel software. To interpret the magnitude of the effect size
we adopted the following criteria: (i) 0-0.20, “negligible effect”; (ii) 0.20-0.50,
“small effect”; (iii) 0.50-0.80, “medium effect”; (iv) 0.80-1, “large effect”.
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| Player 1 to player 34 |

Each player performed

Forehand and Serve serie (1st
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Within subjects comparisons of motor variability
between strokes via a repeated measurement MANOVA

Figure 23. Schematic overview of the statistical procedure to perform the repeated
measures MANOVA

To compare the total first serve, second serve, forehand and backhand
variability depending on the level of expertise, a one factor ANOVA per stroke
was performed, using a single measure of variability per stroke (the mean of
the CV of each segment). Tukey HSD was used to carry out for the post-hoc

analyses (computing the effect size using the Cohen d).

Considering the number of comparisons performed by statistical test the
significant p value was established at p < 0.05 in the case of the: (i) MANOVA
(and corresponding post-hoc analysis), (ii) regressions and (iii) ANOVA (and
post-hoc analysis) performed to compare variability according to the levels of

expertise. In the case of the repeated measures ANOVA and in the
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corresponding post-hoc analysis, the p-value was set at 0.001, taking into
account the number of comparisons made (32 in total), to reduce the
probability of committing type | errors (applying Bonferroni correction, i.e.,
dividing the p value 0.05 by 32). This selective approach to the value of

significant alpha has been previously conducted in sport science studies (240).

4.4.5. Results

Few outliers per stroke and per variable were eliminated from the study
data. In the case of serves, 100% of the angular velocity peaks were included
in the data set. In the case of forehand, more than 19 of 20 angular velocity
peaks per player and per segment were included (19.6 + 0.41 peaks). In one
of the players only 17 peaks were included for head-x. In the backhand,
something similar occurred and in all cases more than 18 angular velocity
peaks were included per player (19.7 £ 0.6), except for one player in which

only 17 angular velocity peaks for trunk-x were retained.

The percentage of Out Shots, Good Shots and Very Good Shots was 55 *
20%, 8 +9 % and 38 + 19 % for the first serve, and 42 + 23 %, 6 + 11 % and 51
+ 23 % for the second serve, respectively. Percentages for forehand were 42
+15%,39+ 14 % and 19 £ 12 %, and for backhand they were 40 + 16 %, 45 +
15 % and 15 + 10 %. Average ball speeds were 134 km/h, 111 km/h; 101 km/h
and 91 km/h for the first serve, second serve, forehand and backhand,
respectively. The speed CVs were 6 %, 8 %, 11 % and 10 %, respectively. The
averages and CV averages for the peak segment angular velocities are shown

in Table 11.
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Table 11. Averages (CV averages [%]) of angular velocity peaks (degrees/second) and
partial Pearson's correlation coefficients with the ball speed

Stroke
. 1st serve 2nd serve Forehand Backhand

Variable

Average Average Average Average

(cV) r (cv) r (cv) r (cv) r
Trunk-x 613 (6.7) 0.56 533(7.7) 0.5 625 (11.3) 0.74 602(12.8) 0.39
Armox 1071

1295 (13.7) 0.61 (14.9) 0.51 802 (14.9) 0.41 882(13.4) 0.66

Arm-y 894 (7.3) 0.39 808(9.5) 0.46 504 (13.5) 0.23 642(13.5) 0.57
Arm -z 590 (11.6) 0.4 539(12.2) 0.28 550(13.8) 0.2 413 (15.8) -0.06
forearm

-X 1467 (15.2) 0.61  1255(15) 0.54 1049(22.7) -0.09 808 (14.7) -0.01
forearm
-y 1049 (7) 0.43 945(7.2) 0.53 1008(7.1) 0.43 940(10.2) 0.61
forearm
-Z 1432(5.7) 0.74 1278(7) 0.62 613(21.5) 0.41 647 (12.6) -0.19

Head-z 332(12.6) 0.53 332(11.1) 051 138(25.4) 029 183(18.7) 0.34

As for the partial correlations between the measurements of angular
velocity and stroke speeds (Table 11), strong correlations were found on the
first serve, for the arm-x, forearm-x and forearm-z; on the second serve for
the forearm-z; on the forehand for the trunk-x and on the backhand for the
arm-x and forearm-y. To graphically demonstrate the association of the
angular velocity measurements and stroke speeds, some examples of the
partial regression lines, corresponding to the indicated correlations, are
shown in Figure 24. Moderate correlations were also frequent. Multiple linear
regression models explained the ball speed variance by 62% (p < 0.001; F =
7.72),47% (p < 0.001; F = 4.64), 62% (p < 0.001; F = 7.70) and 44% (p = 0.002;
F=4.21) for first serve, second serve, forehand and backhand (Figure 25). The
average of the variance inflation factors for the multiple linear regression
model for the first serve was 2.8 (the maximum was 5.7), 3.0 for the second
serve (maximum 6.4), 1.6 for the forehand (maximum 2.1) and 2.4 for the

backhand (maximum 5) indicating that multicollinearity was not a concern.
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Figure 24. Regression lines of the best fit between some angular velocity peaks (means of
all subjects analysed) and the ball speed. These are specifically the regression
lines for forearm-x and forearm-y in the case of the first and second serves (a, b),
for trunk-x in the case of the forehand (c) and for arm-x in the case of the
backhand (d)

RESULTADOS: ESTUDIOS DESARROLLADOS | 161



Estudio 4.

180 +
= 160 |
e
e
2 140 ~
¥}
=
w
= 120 A
®
=)
T 100
2
T
B 80 A
&
% 60 -
3 y (1st service) = 52.81+ 2.16a - 0.06b - 0.41c - 0.04d + 0.14e + 1.16f + 1.6g + 0.16h
E 40 1 = = =y(2ndservice)=53.71+0.4a+ 0.001b + 0.01c- 0.02d +0.13e + 1.7f + 1.06g - 0.34h
T e y (forehand) = 54.86 + 3.28a + 1.4b - 0.13c - 0.34d - 0.68¢ +0.12 + 0.8g - 1.05h
20 H
——y (backhand) = 51.32 - 0.62a + 1.25b + 1.23c- 0.08d + 0.31e +0.88f - 0.27g - 0.5h
0 T T T T T T
55 75 95 115 135 155 175
Radar measured ball speed (km/h)

Figure 25. 95% confidence ellipses containing the predicted values of the ball speed
regression versus the measured values of the ball speed (km/h). The multiple
linear equation with the intercepts and the slope values are included ((a-h) being
the values of angular velocity in degrees/s of the trunk-x, arm-x, arm-y, arm-z,
forearm-x, forearm-y, forearm-z and head-z, respectively)

The non-parametric repeated measurement MANOVA showed significant
differences in motor coordination variability between the different strokes
(Wald-Type statistic = 274,653; degrees of freedom = 24; p < 0.001).
Multivariate post-hoc comparisons showed lower values of variability in the
first serve than in the forehand (p < 0.001; estimate = 50.51; lower limit =
21.13; upper limit = 79.88) and lower values for the second serve with respect
to the forehand (p < 0.001; estimate = 45.56; lower limit = 15.77; upper limit
= 75.35). There were also significant differences in the comparison between
the first serve and the backhand and between the second serve and the

backhand, with the variability in the backhand being greater in both cases (p
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= 0.007; estimate = 32.18; lower limit = 5.7; upper limit = 58.66 and p = 0.044;

estimate = 27.24; lower limit = 0.3; upper limit = 54.18, respectively).

The ANOVAS of repeated measurements showed differences between
strokes in motor variability (p < 0.001 in all cases) for the: (i) trunk-x (first
serve CVs < forehand and backhand CVs; second serve CVs < backhand CVs);
(ii) forearm-x (first serve, second serve and backhand CVs < forehand CVs);
(iii) forearm-z (first serve CVs < forehand and backhand CVs; second serve CVs
< backhand CVs; backhand CVs < forehand CVs) and (iv) head-z (first serve,
second serve and backhand CVs < forehand CVs; second serve CVs < backhand
CVs). There were no differences in the motor variability between strokes for

the arm-x, arm-y, arm-z and forearm-y.

Finally, there were significant differences (p < 0.05 in all cases) in the
variability scores between the three levels of expertise for each of the strokes
analysed (Figure 26). In the case of the first serve and second serve there were
differences between the advanced players and the recreational players and
between the intermediate players and the recreational players, the variability
being lower in the more skilled players in both cases (Figure 27). In the case
of the forehand, advanced players also obtained significantly lower values of
variability than the intermediate players and the recreational players (Figure
26). In the backhand there were only differences between the advanced
players and the recreational players, with variability being significantly lower

in the first group (Figure 26).
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Figure 26. Variability differences between level of expertise in each stroke analysed.
Significant differences and effect sizes (Cohen d values) are indicated in the
title of each graph. *Adv: Advanced players; * Int: Intermediate players; *Rec:
Recreational players
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4.4.6. Discussion

For as far as we are aware, our study was the first to assess motor
coordination variability across the most common tennis strokes in players of
recreational to advanced levels. Partial correlations and multiple linear
regressions indicated that the selected variables were important for the
variance of the ball speed. The MANOVA and ANOVAS of repeated
measurements showed a greater variability in the forehand and backhand
strokes than in the serves, with greater variability scores in the distal segment
(i.e., the forearm) and in the head. There were also differences in motor
coordination variability between the advanced, intermediate and
recreational players, in all strokes analysed, with variability being lower in the
more skilled groups. The difference in motor variability between the main
strokes and body segments should be taken into account in the design of
future tennis drills, as will be further discussed in this section. Also motor
variability could serve to differentiate between levels of expertise (lower

motor variability indicating a higher level of expertise).

The CVs reported in this study for the different strokes ranged from
approximately 5% to 25%. These data are very similar to those of other
studies that analysed ballistic gestures with high precision requirements (241,
250, 265, 270). In the case of the tennis serve, for example, the coefficients
of variation of the humerothoracic joint kinematics reported by Sevrez et al.
(221) ranged between 2% and 20% (reaching a CV of 37.2 % for the
flexo/extension movement in the cocking phase). In table tennis, the CV in
the contact and follow-through phase of the shoulder and elbow kinematics

for the topspin forehand were a little higher than in the present research (>
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30% in the contact phase and >20% in the follow-through phase) but they

studied the joint angle and not the angular speed (242).

The kinematic comparison and motor variability of the different strokes
has not often been studied (most studies have analysed the kinematics of the
strokes in isolation) and it is very difficult to find studies that allow one to
make a comparison between the different strokes. In the present study CVs
were greater in the groundstrokes than in the serves, this may be due to the
fact that in the forehand and backhand stroke the ball was thrown by a ball
throwing machine introducing more sources of variability, such as the
trajectory the ball follows in the air, the bounce of the ball (determined in
part by the physical characteristics of each ball) or the movement of the
player towards the ball. In the case of the serve, the player is in a more static
situation, the ball is thrown by the subject himself, there is no bounce of the
ball on the ground and the path is more predictable, thus eliminating possible
sources of variability. In support of this hypothesis lImane and LaRue suggest
that the complexity of an oriented-goal task depends on the differences in
the temporal constraint of each task (these authors analysed the handball
throwing) (243). In simple terms, motor variability is affected by time
constraints. Generally, it is more complex to perform a groundstroke where
the player does not decide when to initiate movement, than a self-initiated
stroke, such as a tennis serve (243). In the groundstrokes, the player has to
adjust the posture and the displacements of the body segments in relation to
the changing position of the ball, so the subjects modify their behaviour
during the throw in each trial. In the self-initiated throw the player
determines the start of the movement reducing the complexity of the human-

environment system (243).
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The highest values for the CVs were found in the forehand on the
forearm-x, forearm-z and head-z (they were 22.7 %, 21.5 % and 25.4 %). In
the case of the backhand, the head-z rotation also obtained a high value for
the CV (18.7 %). Taking into account that strokes with more topspin imply a
greater pronation of the forearm than a flat forehand (37), it is hypothesized
that the high variability values over the forearm-x and forearm-z are related
with the differences in the topspin between strokes at a within subject level.
Players typically modify the topspin effect between strokes in the same series,
to change the ball trajectory and correct the long or short errors, which could
affect variability values. In other words, it is possible for players to alternate
between strokes with more or less spin effect, to try to maintain high accuracy
thus increasing variability. Another source of variability on the forearm-x
could be the unwanted rotations over the longitudinal axis of the racket
produced by off-centre impacts. In this line Kentel et al. (244) suggested that
the location of the ball impact on the racket strings affects the kinematics of
the racket and arm, and an off-centre stroke on the longitudinal axis of the
racket could create a moment of force that would cause the racket to turn on
this axis and thus rotate the forearm on its longitudinal axis. Wagner et al.
(226) and Button et al. (227) also found an increase in movement variability
in the distal joint movements during the acceleration phase of throwing
actions and suggested that this is due to compensatory movements in this

segment (they called it functional variability or compensatory coordination).

As far as the head-z is concerned, the great variability found in forehand
and backhand is probably due to the turns of the neck on its longitudinal axis
produced during these strokes. Although it has been little studied in the case
of tennis, the movements of this segment are a subject of interest to expert

coaches, as the gaze fixation is related with the stabilization of the rest of the
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body during the execution of the stroke or with the need to extract
operational information from the ball (245). In other sports, such as baseball
or basketball where accuracy is also an important factor, head and gaze-
tracking strategies among players with different skill levels have been studied
in depth, and seem to have a strong influence on shooting success (246—248).
In tennis, Lafont et al. (245) revealed that elite players show a characteristic
fixation of the gaze in the direction of the contact zone on impact and during

the follow-through of the stroke.

Lower motor variability in a closed task (such as those in this study) is
indicative of a higher level of technical execution (241, 248, 256). Along this
line, Wagner et al. (226) found that there was a decrease in movement
variability in highly skilled and moderately skilled handball players. In studies
related to golf swings (216) and baseball pitches (249), variability of selected
kinematic parameters also decreased from unskilled to skilled athletes. In the
case of the present work, motor variability was lower in the more skilled
players in the four strokes analysed, which could be due to a more consistent
and regulated performance (226). On the contrary in basketball free-throws,
improvement in skill level was associated with increased movement
variability (227). Consequently, we believe that more studies of this kind
should be carried out in tennis, including players from a wide variety of
playing levels (i.e., novice players and international players). The results of
the present study also suggest considering motor variability as a measure of
kinematic performance, and not only the segmental contribution to ball
speed or accuracy as is commonly done (177, 257) In this regard, motor
variability has been included as a measure of performance in the evaluation

of other ballistic nature skills (250).
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The results of this work suggest that there are differences in motor
strategies depending on the type of stroke/segment and could allow us to
improve the design of training tasks. As an example, by improving the
adaptability of stroke/segments, which are thought to exhibit greater
compensatory motor variability. The function of these segments is to correct
the action to keep the outcome stable, i.e., to hit with the appropriate speed
and direction. One exercise that could improve the compensatory motor
variability in groundstrokes (that showed the highest values of motor
variability), is playing with heterogeneous balls with different bounce
characteristics, which may force the player to correct the position of the
arm/head in a short period of time. Also playing in different surfaces could

avoid an adoption of excessively consistent and unadaptable stroke patterns.

To reduce the complexity of the motor task and to control undesirable
sources of variability, the present study analyses motor variability under
relatively stable environmental conditions. Considering that there are few
studies of variability between different strokes in the case of racket sports, it
is essential that the first investigations are carried out under simple
conditions. Variability could be assessed under more controlled conditions by
eliminating possible sources of variability such as player displacements or ball
trajectory (using a ball fixed on a flexible stick) and analysing the differences
against less controlled conditions, to see the effects of these sources of
variability. Future studies should also analyse motor variability in the case of
tennis in less constrained situations, including more complex decision-making
tasks than in the present work. Considering that the phase of the movement
and the characteristics and speed affect motor variability — in throwing tasks,
distal segments of the kinematic chain in the final stages have shown higher

variability according to Wagner et al. (226) future research should analyse
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motor variability performing a phasic analysis (e.g., backswing, forward swing,
and follow-through). The main strength of this work is that it aimed to study
the variability in different tennis strokes in an on-court situation, something

that has rarely been done to date.

4.4.7. Conclusion

In this study with a heterogeneous sample of tennis players executing
strokes in a controlled situation, groundstrokes, less skilled players and
sensors on the forearm and head, showed the highest values of motor
variability. Higher motor variability values for groundstrokes than for serves
are explained by the differences in time constraints and external sources of
variability, such as ball trajectory. As for differences between body segments,
future studies should analyse this finding in greater depth, considering the
compensatory role of motor variability. Because there were differences in
motor variability depending on the level, the use of variability outcomes in
performance-oriented tests is recommended, as it is done in other ballistic

nature skills.

170 | RESULTADOS: ESTUDIOS DESARROLLADOS



-

DESARROLLO TECNOLOGICO: APLICACION
BASADA EN EL OR VIRTUAL DE TENIS
(portada)




Estudio 4.

172 | DESARROLLO TECNOLOGICO



Eficacia del empleo de tecnologias portables para la monitorizacion
de indicadores de rendimiento y salud en tenistas

4.5. DESARROLLO TECNOLOGICO: APLICACION BASADA EN EL ASESOR
VIRTUAL DE TENIS

Desde la cuenta para desarrolladores del Human Lab (humanlab@ugr.es)

se llevd a cabo el registro y publicacién en el Play Store de la aplicacion a la
que se llamé “Virtual Tennis Coach”. Con el motor grafico Unity®, se generd el
Android App Bundle, que posteriormente se subié a Google Play Console para
compilar los diferentes archivos APK disponibles en el Play Store. El desarrollo
de la aplicacion se realizé de forma paralela con el proyecto de la Junta de
Andalucia ACTIVITAL® (Ref. EXP_74829), aprovechando asi sus procesos,
desarrollos y bases de datos. De forma resumida, se desarrolla a
continuacion: ¢Qué es ActiVital?, ¢A quién va dirigida? Y ¢Qué pretende
conseguir? Con el objetivo de que el lector entienda el verdadero potencial
gue podria llegar a alcanzar “Virtual Tennis Coach” en futuras versiones de

actualizacion.

ActiVital® es una plataforma digital desarrollada por un equipo
multidisciplinar de investigadores y tecnélogos de la Universidad de Granada,
vinculados al iMUDS. Dicha plataforma digital permite disefiar planificaciones
basadas en deporte saludable, actividad fisica y ejercicio fisico. Ademas,
admite la supervisién de los resultados, introduciendo herramientas de
monitorizacién individual y grupal de los programas de ejercicio fisico
desarrollados. Todo ello de forma accesible y online, utilizando herramientas

informaticas integradas en navegadores web y apps (figura 27).
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(%)  Titulo sesion

<) Elevacion de cadera 0

Figura 27. Captura de pantalla de la app de ActiVital® donde se puede observar un ejemplo
de ejercicio incluido en una sesidn de entrenamiento

ActiVital® esta dirigida a cuatro perfiles: en primer lugar, a expertos en
planificacion y disefio de ejercicio fisico saludable y deporte. En la plataforma
se llamaran educadores fisico-deportivos; en segundo lugar, se encuentran
los expertos en evaluacion y supervision de indicadores de salud y condicion
fisica (asesor de salud: médicos, enfermeros y profesionales de ciencias del
deporte); en tercer lugar, se enfoca para Instituciones del sector publico y
privado vinculadas al sistema deportivo y/o socio-sanitario (instituciones y
gestores:  consejerias, diputaciones provinciales, ayuntamientos,
federaciones deportivas, clubes, etc.); en cuarto lugar, los usuarios finales de
la plataforma (personas usuarias) que proceden de los distintos grupos
poblacionales con perfiles marcados por el Servicio Andaluz de Sanidad (SAS)
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de cualquier rango de edad. La aplicacién desarrollada en la presente tesis
“wy/r H ” ~ . . o . e .
Virtual Tennis Coach” afade a lo anterior ejercicios especificos de tenis

encaminados a optimizar su aprendizaje en todos los niveles y edades.

ActiVital® tiene como objetivo principal proporcionar una plataforma
integral que permita a los educadores fisico-deportivos disefiar y seguir
programas de ejercicio personalizados. Esta plataforma busca mejorar la
condicidn fisica, la salud general y el bienestar de los usuarios. A través de
herramientas informadticas avanzadas, los educadores fisico-deportivos
podran acceder a una amplia base de datos de ejercicios y sesiones, recibir
orientacién virtual de expertos y realizar un seguimiento detallado de su
progreso. El objetivo es asesorar a las personas para que tomen el control de
su salud y alcancen sus metas de forma segura y efectiva. ActiVital® permite
facil acceso a una base de datos de ejercicios (mas de 3000) y sesiones
(circuitos, juegos, baile, aerobic, fuerza, movilidad, coordinacién, etc.). El
punto innovador se adquiere durante la realizacién de las sesiones ya que

incluyen:

e Herramientas tradicionales basadas en texto, infografias estaticas y

grabaciones de audio.
e Grabaciones de los ejercicios en video.
e Ejercicios ejemplificados por avatares 3D animados.

En “Virtual Tennis Coach” se provechan algunas de las funcionalidades de
ActiVital®, pero eliminando el enfoque sanitario ya que su objetivo es
optimizar el proceso de aprendizaje y perfeccionamiento de la técnica en
tenis. Por lo tanto, “Virtual Tennis Coach” supondra una “INSTITUCION” y
“PROYECTO” aparte de ActiVital®, sin embargo, manteniendo la base de datos

de ejercicios (para sesiones de preparacion fisica de tenis) y la estrategia de
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aprendizaje basada en asesores 3D animados. En la figura 28, se puede
observar el entrenador virtual creado de forma especifica para la aplicaciéon

de esta tesis “Virtual Tennis Coach”, cuya apariencia se basa en el autor.

Figura 28. Asesor virtual de la aplicacién “Virtual Tennis Coach” en posicidon anatémica

La figura 29 muestra el entorno de la aplicacién “Virtual Tennis Coach”
gue incluye dos pistas de tenis con sus respectivos complementos (focos,
carro de pelotas, raquetas, zonas de descanso para los jugadores, etc.).
Dichos disefios 3D se adquirieron en Unity Asset Store y se adaptaron a las

necesidades especificas de la aplicacién.
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Figura 29. Entorno 3D de la aplicacidn “Virtual Tennis Coach”

En las figuras 30, 31y 32 se puede observar al asesor virtual ya insertado
en el entorno realizando distintos tipos de golpeo. En el caso de la figura 31
el asesor virtual se encuentra efectuando un revés a una mano, capturado
desde dos perspectivas distintas, en la figura 32 realizando un saque cortado
y, por ultimo, en la figura 33 ejecutando una volea de derecha. En las
siguientes figuras se puede apreciar cdmo se han insertado las siguientes
funcionalidades a la aplicacién: pausar y reanudar en el momento deseado;
rotar, acercar y alejar la cdmara; despegable para seleccionar el tipo de goleo

que queremos que realice el asesor.
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Figura 31. Asesor virtual realizando un Figura 32. Asesor virtual ejecutando una
saque cortado volea de derecha en la red
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5. DISCUSION GENERAL

La presente tesis doctoral tuvo como objetivos incrementar el
conocimiento existente sobre la validez, fiabilidad y formas de aplicacién de
las nuevas tecnologias portables para la monitorizacién de pardametros
biomecanicos, fisioldgicos y de rendimiento en tenistas de distintas edades y
niveles de juego. Para ello, se llevaron a cabo cuatro estudios y un desarrollo
tecnoldgico: se comenzd con la validacidon de tecnologias (estudios 1 y 2);
posteriormente, se utilizaron las tecnologias portables en estudios de campo
(estudios 3 y 4); y finalmente, se desarrollé un asesor virtual de tenis para
Android (Véase las discusiones especificas de cada estudio para mayor

profundidad de andlisis de las distintas variables trabajadas).

A pesar de que en Espaifia existen una preferencia por disciplinas
deportivas como el futbol o el baloncesto (251), en Granada el 25 % del
alumnado que realiza deporte extraescolar se decanta por una disciplinada
de deportes de raqueta (6). Dentro de los distintos tipos de deportes raqueta
los mas practicados son padel y tenis, en este orden, lo cual coincide con los
estudios previos de la bibliografia (6, 252). Los datos anteriores hacen de la
zona evaluada un lugar idéneo para la futura implementacién de la aplicacion

basada en asesores virtuales (véase apartado de lineas futuras).

Los estudios 1y 2 son estudios de validacidon de tecnologias wearables. En
ambos, se concluye la validez y fiabilidad de los dispositivos en funcion de los
resultados obtenidos. Lo que demuestra que las nuevas tecnologias portables
estan superando sus carencias tradicionales, tales como los movimientos de
la piel que dificultan su desempefio, las interferencias provocadas por campos

electromagnético, las menores frecuencias de muestro que llegan a alcanzar
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o los distintos métodos de calibracion (62, 185, 209, 281). Por afiadido, la
labor de este tipo de tecnologias en tenis se dificulta ain mas, ya que es un
deporte muy explosivo donde el antebrazo llega a superar las 2000 rotaciones
por segundo momentos antes del impacto con la pelota (63, 80). A pesar de
la confirmacidn de la validez y fiabilidad de los dos wearables evaluados en la
presente tesis, la comunidad cientifica no debe confiarse y utilizar de forma
aplicada cualquier wearable sin su correspondiente validacién previa, ya que
puede llevar a aumentar el riesgo de lesion del deportista o que se tomen
decisiones equivocadas en su planificacién deportiva (94). Ademas, existen
casos en los que tras evaluar la calidad del dato que aporta el dispositivo,
encontramos grados de acuerdo muy bajos o nulos respecto al sistema de
referencia, como ocurrié en el recientemente publicado articulo de Ruiz-
Malagén et al., (254) donde se concluye que el dispositivo evaluado no

presenta validez midiendo cinematica pélvica durante carrera sobre tapiz.

En cuanto a los estudios 3 y 4, en ambos, se utilizdé una adaptacién del
Loughborough Tennis Test (107) y se aplicaron tecnologias wearables (IMUs)
previamente validadas en la bibliografia, con el objetivo de obtener
conclusiones de valor biomecdnico dentro del tenis. En el estudio 3, se
analizaron las diferencias cinematicas de tren superior entre los tipos de revés
SH y DH mediante el uso de girdscopos y en el estudio 4 se evalué cémo
influye la variabilidad motora en el rendimiento de los principales golpeos de
tenis en funcidon del segmento corporal y el nivel de juego del tenista, también
mediante IMUs. El estudio 3 demuestra que los dispositivos IMUs permiten
analizar la cinematica (angulaciones articulares, Cl, 0 wpeak) del tenista con un
grado de precision similar al obtenido con los tradicionales métodos de
captura de movimiento 3D, pero en situaciones reales de juego (pista de

tenis) no en un laboratorio de biomecanica (48, 49, 222). En cambio, del
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estudio 4 se destaca la localizacién de una menor variabilidad motora en
jugadores de mayor nivel de juego, lo cual ya habia sido registrado con
anterioridad (255), pero al igual que en el estudio 3, su fortaleza reside en que
es uno de los primeros estudios que lo hacen en condiciones ecoldgicas. Los
resultados anteriores abren una nueva frontera al analisis biomecdnico ya
que lo que antes suponia horas de preparativos (calibracion de cdmaras,
colocacién de marcadores epidérmicos, digitalizacion, procesado de datos,
etc.), hoy en dia podria realizarse incluso durante los partidos de competicién

sin que el jugador vea afectado su rendimiento (256).

La comparacién cinematica y la variabilidad motora de los diferentes
golpes de tenis no se han estudiado con frecuencia (la mayoria de los estudios
han analizado la cinematica de los golpes de manera aislada), y resulta muy
dificil encontrar estudios que permitan realizar una comparacion entre los
distintos golpes. En el estudio 4, los coeficientes de variacion fueron mayores
en los golpes de fondo que en los saques; esto puede deberse al hecho de
que, en los golpes de derecha y revés, la pelota fue lanzada por una maquina
de lanzamiento de pelotas, introduciendo mas fuentes de variabilidad, como
la trayectoria que sigue la pelota en el aire, el rebote de la pelota
(determinado en parte por las caracteristicas fisicas de cada pelota) o el
movimiento del jugador hacia la pelota. En el caso del saque, el jugador se
encuentra en una situacion mas estatica, la pelota es lanzada por el propio
sujeto, no hay rebote de la pelota en el suelo y la trayectoria es mas
predecible, eliminando asi posibles fuentes de variabilidad. En apoyo a esta
hipdtesis, llmane y LaRue sugieren que la complejidad de una tarea orientada
a un objetivo depende de las diferencias en la restriccién temporal de cada
tarea (estos autores analizaron el lanzamiento de balonmano) (243). En

términos sencillos, la variabilidad motora se ve afectada por las restricciones
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temporales. En general, es mas complejo realizar un golpe de fondo donde el
jugador no decide cuando iniciar el movimiento que un golpe iniciado por el
propio jugador, como un saque de tenis (243). En los golpes de fondo, el
jugador tiene que ajustar la postura y los desplazamientos de los segmentos
corporales en relacion con la posicién cambiante de la pelota, por lo que los
sujetos modifican su comportamiento durante el lanzamiento en cada
prueba. En el lanzamiento autoiniciado, el jugador determina el inicio del

movimiento, reduciendo la complejidad del sistema humano-entorno (243).

La presente tesis doctoral tiene limitaciones y fortalezas que deben ser
comentadas. En primer lugar, la fortaleza del estudio 1 reside en sus fuertes
implicaciones practicas, ya que la confirmacién de la validez y fiabilidad del
reloj deportivo Polar Ignite® Precision Prime System midiendo frecuencia
cardiaca durante entrenamiento de tenis, lo confirma como una util
herramienta portable (profesionales del fitness, entrenadores personales,
fisidlogos y entrenadores) que permite controlar la respuesta fisioldgica y
planificar la temporada de los deportistas con mayor precisién. En cuanto a
la limitacion del estudio 1, a pesar de la eficacia comprobada del sistema de
referencia utilizado (120-122), este no es el gold estandar de medicién de

frecuencia cardiaca.

Las limitaciones del estudio 2 estan asociadas con las interferencias
electromagnéticas que provocan las estructuras metdlicas del laboratorio
sobre los IMUs (253), el tamafio muestral utilizado ya que no se determiné
mediante métodos estadisticos y el sistema de sincronizacién entre ambos
sistemas (IMU y OS) que no se realizé mediante impulso eléctrico o trigger.
En cuanto a las fortalezas del estudio 2, tenemos que una vez demostrada la

validez y fiabilidad de los sensores, suponen una herramienta de bajo coste y
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altas prestaciones en comparacidén con otros modelos existentes en el

mercado.

El estudio 3 tuvo las limitaciones habituales del uso de sensores inerciales
que también se pueden aplicar a los estudios 2 y 4. Dichas limitaciones, son
las posibles fuentes de error cuando se analizan movimientos humanos y que
los instrumentos colocados en la piel pueden contener debido a sus
movimientos. Ademas, en el estudio 3 se asumid la limitacion de solo incluir
en la muestra a jugadores de tenis de nivel intermedio, lo que pudo provocar
que las realizaciones técnicas de ambos tipos de revés no fuesen del todo
perfectas en comparacién con tenistas de nivel competicién. Finalmente, en
quinto lugar, el estudio 4 deberia haber medido la variabilidad motora en
condiciones mas controladas, eliminando fuentes de error como las distintas

trayectorias de la pelota y los desplazamientos del jugador.

En lineas generales, las fortalezas de esta tesis residen en la utilizacién de
tecnologias portables en situaciones reales de juego, lo cual aumenta
significativamente las implicaciones practicas de la misma. Debido a que
permiten, tanto a profesionales clinicos como entrenadores, su aplicacidon con
un menor coste econdmico y con mayor facilidad de configuracién y uso. Al
mismo tiempo que se reducen los tiempos, en que pueden proporcionar un
feedback de calidad a sus deportistas, partiendo de datos monitorizados

incluso durante los partidos de competicion (256).
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6. CONCLUSIONES GENERALES

6.1. CONCLUSIONES GENERALES EN ESPANOL

Los hallazgos de la presente tesis doctoral proporcionan nuevas
evidencias en torno al tépico de las nuevas tecnologias portables aplicadas al
tenis. Se validaron y aplicaron tecnologias portables en base a su bajo coste y
posibilidades de aplicacion en condiciones de campo (pista de tenis). La
utilizacién de las tecnologias wearables en tenis supone un avance en la
evaluacién biomecanico/técnica y la prevencién de lesiones musculo-
esqueléticas. Ademas, las conclusiones del presente trabajo abren la puerta
a la utilizaciéon de wearables incluso durante las competiciones, lo cual nos
aportaria datos de relevancia a la hora de planificar la temporada de nuestros
tenistas a entrenadores, preparadores fisicos, médicos deportivos e
investigadores de ciencias del deporte. De forma especifica, se exponen los

hallazgos y aportaciones de mayor importancia a continuacion:

e El sistema fotoplestimografico existente en los nuevos relojes
deportivos de Polar® (Polar Precision Prime®) puede ser utilizado
como medida valida y fiable de frecuencia cardiaca durante todas las
partes de una sesion de entrenamiento de tenis (calentamiento,
parte principal y vuelta a la calma) e intervalo de medicién de 10
segundos. Confirmando que la precision de este tipo de dispositivos
no se ve alterada por los explosivos movimientos de tren superior
del tenis. El Sistema PPP® podria permitir a jugadores y entrenadores
ajustar y optimizar la intensidad de entrenamiento de acuerdo con
sus objetivos y niveles de condicién fisica. Ademas, al tener

mediciones precisas en el calentamiento, la parte principal y la vuelta
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a la calma, los deportistas pueden obtener una visién mas completa
de su rendimiento cardiovascular a lo largo de toda la sesién de
entrenamiento. Esto facilita la identificacion de patrones y dreas de
mejora. En definitiva, la herramienta PPP° permite a jugadores y
entrenadores utilizar la informaciéon recopilada para ajustar
estrategias de entrenamiento, evaluar la eficacia de diferentes
enfoques y, en Uultima instancia, trabajar hacia la mejora del

rendimiento y la salud.

e NOTCH® como sistema de medida inercial es una herramienta valida
y fiable para medir angulaciones de codo durante derecha de tenis
para todas las frecuencias de muestreo analizadas (100 Hz, 200 Hz
and 500 Hz). NOTCH® podria ser contemplado para su
implementacién en tiempo real durante sesiones de practica o
competiciones, permitiendo asi una monitorizacién inmediata de las
angulaciones de codo durante los golpes de tenis. Esto facilitaria la
retroalimentacion instantanea y la posibilidad de ajustar la técnica
en tiempo real, ademas de prevenir posibles lesiones musculo-
esqueléticas al tenista. A pesar de que los grados de acuerdo fueron
aumentando conforme se incrementé la frecuencia de muestreo (los
mejores resultados obtenidos fueron a 500 Hz), el sistema es versatil
y puede adaptarse a diferentes configuraciones de grabacidn. Esto
puede ser Util en entornos donde la frecuencia de muestreo puede

variar debido a diferentes equipos o condiciones experimentales.

e El modelo de andlisis biomecanico basado en el uso de sensores
inerciales (girdscopos) es de utilidad para monitorizar la cinematica
de los golpes de tenis durante experimentacion de campo y puede
ser facilmente adaptado a otros deportes de raqueta. Ademas, se
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confirmd que no existen diferencias entre el revés a una y dos manos
en términos de velocidad y precisién para la muestra analizada.
Aunque si se encontraron diferencias significativas comparando la
cinematica de ambos reveses. La capacidad del modelo biomecénico
con sensores inerciales para analizar la cinemdtica de los golpes de
tenis brinda a entrenadores y jugadores una herramienta valiosa
para optimizar la técnica de los distintos golpeos. Al comprender las
diferencias en la cinematica entre diferentes tipos de revés, se
pueden identificar areas especificas para mejorar, lo cual es aplicable

al resto de golpes (derecha, saque, etc.).

Se encontraron valores significativamente mayores de variabilidad
motora para los golpes de fondo que durante el saque.
Adicionalmente, los jugadores con mayor nivel de juego
demostraron una menor variabilidad motora que los jugadores con
menor experiencia. Por uUltimo, los tenistas con menor nivel de juego
mostraron valores mayores de variabilidad motora en los sensores
colocados en el antebrazo y la cabeza. La incorporacion de datos
sobre la variabilidad motora en los programas de entrenamiento de
tenis, puede aportar a los entrenadores la oportunidad de disefiar
sesiones de entrenamiento altamente especificas (segun nivel de
juego y experiencia), enfocadas en mejorar la estabilidad vy

consistencia de los golpes de tenis.

En cuanto al asesor virtual de tenis y la aplicacion Android se ha
demostrado la posibilidad de introduccion de este tipo de
desarrollos para optimizar los procesos de ensefianza-aprendizaje de
la técnica del tenis. Aunque, en el caso especifico de nuestra
aplicacion, primero se le deberd introducir toda la informacion
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recopilada en la presente tesis y posteriormente evaluar su eficacia
objetiva en un futuro estudio de intervencion. La introduccion de
este tipo tecnologias representa una innovacién en la ensefanza
deportiva. Esto puede atraer a nuevos practicantes, mantener el
interés y proporcionar un enfoque moderno y atractivo para la
instruccién de tenis. Finalmente, la extensa practica (6) de deportes
de raqueta de la poblacién en la zona evaluada la habilitan para la

futura introduccion e implementacion de la herramienta.
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6.2. CONCLUSIONES GENERALES EN INGLES

The findings of this doctoral thesis provide new evidence on the topic of
new wearable technologies applied to tennis. Portable technologies were
validated and applied based on their low cost and application possibilities in
field conditions (tennis court). The use of wearable technologies in tennis
represents an advance in biomechanical/technical evaluation and the
prevention of musculoskeletal injuries. Furthermore, the conclusions of this
work open the door to the use of wearables even during competitions, which
would provide us with relevant data when planning the season of our tennis
players, coaches, physical trainers, sports doctors and health science
researchers. sport. Specifically, the most important findings and contributions

are presented below:

e The existing photoplethysmography system in the new Polar® sports
watches (Polar Precision Prime®) can be used as a valid and reliable
measure of heart rate during all parts of a tennis training session
(warm-up, main part and return to the calm) and measurement
interval of 10 seconds. Confirming that the precision of this type of
device is not altered by the explosive upper body movements of
tennis. The PPP® System allows players and coaches to adjust and
optimize training intensity according to their goals and fitness levels.
Additionally, by obtaining precise measurements during warm-up,
the main training session, and cool down, athletes can gain a
comprehensive overview of their cardiovascular performance
throughout the entire training session. This facilitates the
identification of patterns and areas for improvement. Ultimately, the

PPP® tool empowers players and coaches to use the collected
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information to tailor training strategies, assess the effectiveness of
different approaches, and, ultimately, work towards continuous

improvement in performance and health.

e NOTCH® as an inertial measurement system is a valid and reliable
tool to measure elbow angulations during tennis forehand for all the
analysed sampling frequencies (100 Hz, 200 Hz and 500 Hz). NOTCH®
could be considered for real-time implementation during practice
sessions or competitions, enabling immediate monitoring of elbow
angles during tennis strokes. This would facilitate instant feedback
and the ability to adjust technique in real-time, in addition to
preventing potential musculoskeletal injuries to the tennis player.
Despite the fact that the degree of agreement increased as the
sampling frequency was raised (with the best results obtained at 500
Hz), the system is versatile and can be adapted to different recording
settings. This can be advantageous in environments where the
sampling frequency may vary due to different equipment or

experimental conditions.

e The biomechanical analysis model based on the use of inertial
sensors (gyroscopes) is useful for monitoring the kinematics of tennis
strokes during field experimentation and can be easily adapted to
other racket sports. Furthermore, it was confirmed that there are no
differences between the one-handed and two-handed backhand in
terms of speed and precision for the sample analysed. Although
significant differences were found in the kinematics between both
tennis backhands. The capability of the biomechanical model with
inertial sensors to analyse the kinematics of tennis strokes provides
coaches and players with a valuable tool for optimizing the technique
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of various strokes. By understanding the differences in kinematics
among different types of backhands, specific areas for improvement
can be identified, and this knowledge is applicable to other strokes

(forehand, serve, etc.).

Significantly higher values of motor variability were found for
groundstrokes than during the serve. Additionally, players with a
higher level of play demonstrated less motor variability than players
with less experience. Finally, tennis players with a lower level of play
showed higher values of motor variability in the sensors placed on
the forearm and head. The integration of data on motor variability
into tennis training programs can provide coaches with the
opportunity to design highly specific training sessions (according to
playing level and experience). This focus aims to improve the stability

and consistency of tennis strokes.

Regarding the virtual tennis avatar and the Android application, the
possibility of introducing this type of development has been
demonstrated to optimize the teaching-learning processes of tennis.
Although, its objective effectiveness should be evaluated in a future
intervention study. However, in the specific case of our application,
it will be necessary to input all the information gathered in this thesis
first, and subsequently, assess its effectiveness objectively in a future
intervention study. The introduction of such technologies signifies an
innovation in sports education. This can draw in new practitioners,
maintain interest, and offer a modern and appealing approach to
tennis instruction. Finally, the extensive practice of racket sports in
the evaluated area (6) makes it well-suited for the future
introduction and implementation of the tool.
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6.3. LINEAS FUTURAS

Las lineas futuras de la presente tesis estan enteramente relacionadas
con laincorporacién de nuevas funcionalidades a la aplicacién Android” y a la
utilizacidon de la misma con fines de investigacién. Las funcionalidades a

implementar a la aplicacion seran las siguientes:

e Integracién de todos los indicadores de salud y rendimiento

obtenidos con los estudios del presente trabajo.

e Introduccién de mas tipos de avatar a libre eleccién del usuario para
gue pueda encajar con sus preferencias: mujer, distintas edades y

etnias.

e Implementacién en la aplicacion de cuestionarios pre y pos
entrenamiento para registrar de forma objetiva el estado de

motivacion, fatiga, estrés, etc., del jugador.

e Integracidn de los distintos tipos de empunaduras en funcion de la
técnica deseada o idénea del tenista (continental, este de derecha,

etc.).

e Desarrollo de la API de la aplicacién para que sea capaz de recibir
datos de sensores inerciales y sistemas con fotopletismografia, con
el objetivo de que el asesor virtual de la aplicacidon pueda revelar

alteraciones técnicas o detectar riesgos altos de lesion y prevenirlos.

e Incorporar biofeedback en funcién de los datos recibidos de los

wearables.

Las mejoras anteriores buscan consolidar en un futuro la aplicacion como

una herramienta integral que abarque desde la simulacidn técnica hasta la
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monitorizacion a tiempo real del bienestar fisico y emocional de los tenistas.
Se realizard un estudio de intervencién longitudinal basado en el uso de la
aplicacion, con el objetivo de evaluar cémo afecta al proceso de aprendizaje
del tenis en una muestra de tenistas de distintos niveles de juego y edades.
Ademas, la aplicacién también puede ser de gran utilidad para clubes
deportivos. Al abordar especificamente la etapa de iniciacién al tenis, la
aplicacion se presenta como una herramienta valiosa para los clubes que
buscan fomentar y desarrollar el interés de los jévenes tenistas en sus
primeras experiencias con este deporte. La adaptabilidad de la aplicacién la
convierten en un recurso versatil que puede complementar las actividades de
formacién ofrecidas por los clubes, facilitando la ensefianza y el aprendizaje

en un contexto mds amplio de desarrollo tenistico.
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9. ANEXOS

9.1. ANEXO 1. CONSENTIMIENTOS INFORMADOS PARA ADULTOS (A) Y
MENORES DE EDAD (B).

W\‘QZ Z/(g}m Universidad

dernads HOJA de CONSENTIMIENTO informado

Propuesta realizada por el Equipo "HUMAN LAB” del iMUDS, grupo "ERGOLAB (CTS-
545)" (Universidad de Granada).

Y0, [D0MDre ¥ apelldOS) woossesssmnissaminssnassssamnssassnsssssusssusivmsnasassunansiassnnasssassssssssgasuss i
con D.N.L NC..uiiceiescsarecascneanans He hablado con el profesional responsable del estudio

= He leido la hoja de informacién que se me ha entregado.
= He podido hacer preguntas sobre el estudio.
= He recibido suficiente informacion sobre el estudio.
= Comprendo que mi participacion es voluntaria.
= Comprendo que puedo retirarme del estudio:
1. Cuando quiera.
2. Sin tener que dar explicaciones.
3. Sin que esto repercuta en mis cuidados médicos.
= Presto libremente mi conformidad para participar en el estudio.
= Las muestras obtenidas en este estudio sélo seran utilizadas para los

fines especificos del mismo.

Firma del participante: Firma del investigador responsable:

Instiuto Mo Universitario Deporte y Salud (iIMUDS), Universidad de Granada — Calle Menéndez Pelayo, sin, Parque Tecnoldgico
de la Salud (Granada). humanlab@ugr.es / +34 655 95 70 88 / http://www.humanlabugr.com/

s Human Lab } iMU S

”~
! A\

> Deporte y Salud
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b)

{ . ”(griUnivcrsidad
o detmmds - HOJA de CONSENTIMIENTO informado

Propuesta realizada por el Equipo”"HUMAN LAB” del iMUDS, grupo”ERGOLAB (CTS-
545)" (Universidad de Granada).

= He leido la hoja de informacion que se me ha entregado.

= He podido hacer preguntas sobre el estudio. /profesional responsable
del estudio
= He recibido respuestas satisfactorias a mis preguntas.
= He recibido suficiente informacion sobre el estudio.
= Comprendo que la participacion es voluntaria.
= Comprendo que puede retirarse del estudio:
1. Cuando quiera.
2. Sin tener que dar explicaciones.
3. Sin que esto repercuta en sus cuidados médicos.
= Y presto mi conformidad con que (nombre del participante)...................

..................................................................... participe en este estudio.

Firma del responsable: Firma del investigador responsable:
Fdoz:ssasrisnimisy RO S R NS R T
Instituto Mixto Universitario Deporte y Safud (MUDS), Universidad de Granada — Calle Menéndez Pelayo, sin, Parque Tecnoldgico

de la Salud (Granada). humanlabgugr.es / +34 655 85 70 93 / http:/fwww.humanlabugr.com/

,,I? Human Lab } i UDS

ituto Moo Universitario Deporte y Salud
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Datos del Director/es de la tesis:

Nombre y Apellidos: | DNI
Dpto.: ‘ Centro/Facultad:
Puesto/Cargo:

Direccion:

Teléfono: Fax: ‘ e-mail:

Eficacia del empleo de tecnologias portables
para la monitorizacion de indicadores de
rendimiento y salud en tenistas.

Titulo de la tesis:
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INFORMACION SOBRE EL PROTOCOLO EXPERIMENTAL

- Remitir memoria o resumen de la tesis doctoral en formato pdf

- Se recomienda ver y chequear los puntos de la plantilla de evaluacion y
de la guia rapida que correspondan en la web del Vicerrectorado de
Investigacion, Comité de Etica, en la seccion de impresos
(http://investigacion.ugr.es/pages/etica/impresos), pues sirve de pauta y
evita modificaciones y retrasos eludibles.

- Requiere o solicita informe de otro Comité de Etica: Si, No (tache lo
que proceda). En caso afirmativo, indique cual o cudles

.............................................................................................................. y
adjunte el informe si lo tiene o la solicitud del mismo.
Firma Fecha 12/04/2019
Nombre y apellidos (Investigador responsable) Victor Manuel Soto Hermoso

Informacidn general del proyecto

Hipdtesis y objetivos:

Sostenemos la hipdtesis de que nuestro novedoso sistema de asesor
virtual de tenis mejorara el proceso de ensefianza-aprendizaje en una
muestra de jugadores que se encuentren en la fase de adquisicién de la
técnica de golpeo. Ya que se ha demostrado que existen patrones
biomecdnicos que determinan los distintos tipos de golpeo en tenis y el nivel
del jugador. Ademas, creemos que dichos patrones biomecanicos pueden
estar relacionadas con variables fisioldgicas como la frecuencia cardiaca,
consumo de oxigeno o el indice de saturacidén de tejidos y que dicha
informacién nos podria permitir reducir el riesgo de lesiones musculo-
esqueléticas al mismo tiempo que optimizamos el rendimiento y el
aprendizaje del tenista.

El objetivo principal de la presente tesis es disefiar, implementar y validar
un sistema tecnoldgico basado en asesores virtuales y wearables, gracias al
cual podremos evaluar variables biomecanicas, fisiolégicas, asi como
optimizar el proceso de ensefianza-aprendizaje de nuestro tenista en
situacion real de juego.
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Material y método:

Se utilizaran métodos que no implican riesgo sobre la salud humana o la
preparacion fisica del deportista. Se obtendran variables de las siguientes
temadticas:

e Variables Biomecdnicas: aceleraciones, rotaciones, angulaciéon de
partes del cuerpo humano durante la practica del tenis mediante tecnologias
portables no invasivas.

e Variables fisiolégicas: antropometria, composicién corporal vy
pardmetros cardiovasculares mediante tecnologias portables no invasivas.

e Variables Psicosociales y procesos de ensefianza-aprendizaje.

e Test especifico de golpeo (Lions et al., 2013): se analiza la técnica, la
potencia, la precision y la fatiga asociada usando tecnologias avanzadas
(mdquina lanzapelotas, radar de alta gama, camaras de alta velocidad, sensor
inercial para determinar la localizacién del impacto en la raqueta,
pulsometros).

Todos estos test se basan en la literatura cientifica mdas actual para
asegurar la transferencia al deporte de raqueta en cuestién. Algunos de ellos
se realizan en federaciones de tenis de importancia a nivel internacional como
la espaiiola, la americana o la alemana.

Estudio previo de tenis de mi grupo de investigacidn: Delgado-Garcia,
G., Vanrenterghem, J., Muioz-Garcia, A., Molina-Molina, A., & Soto-Hermoso,
V. M. (2018). Does stroke performance in amateur tennis players depend on
functional power generating capacity? The Journal of sports medicine and
physical fitness.

Beneficios derivados del estudio

Generaremos un informe personalizado donde se reflejaran los
resultados mas destacados de las variables anteriormente citadas. Este
informe incluird deteccion de factores de riesgo y recomendaciones para
optimizacién de la técnica de golpeo.
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Incomodidades derivadas del estudio

La informacion obtenida cumple los principios éticos para investigaciones
médicas en humanos. Ademas, las pruebas que se realizardn a los
participantes seran submaximas no suponiendo ningun riesgo para su salud.

Posibles acontecimientos adversos
No se prevén acontecimientos adversos que impliquen peligrosidad sobre
la salud para los sujetos de estudio de la presente tesis doctoral.

Voluntariedad

El participante lo hace de forma voluntaria, pudiéndose retirar del
estudio en cualquier momento. Podrd ademas solicitar que sus datos sean
eliminados de la base de datos.

Proteccion de datos

Se cumplirdn las normas de la Declaracién de Helsinki (1989), las
recomendaciones de Buena Practica Clinica de la CEE (1990) y el Real Decreto
561/1993 sobre ensayos clinicos. Los resultados obtenidos seran registrados
en formato digital y almacenados empleando metodologias de encriptacion y
proteccién de datos.

Responsable: Emilio José Ruiz Malagén, Telf.: 656644167; e-mail:
emiliorm@correo.ugr.es
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9.3. ANEXO 3. INSTRUCCIONES DE PARTICIPACION EN EL PRESENTE
PROYECTO

,iMUDS %

Universidad de Granada
INSTRUCCIONES para
PARTICIPAR en el PROYECTO

Propuesta realizada por el grupo “HUMAN LAB” del iMUDS

Para la evaluacion, los participantes deben venir “preparados”, lo cual implica el
cumplimiento de las siguientes INSTRUCCIONES, muchas de ellas relacionadas con
la INDUMENTARIA:

e CALENDARIO: la evaluacidn se realizara el préximo . Cada
participante sera citado previamente.

e LUGAR: las pruebas se realizaran en el iMUDS (Instituto Mixto Universitario
Deporte y Salud), en Calle Menéndez Pelayo, n232. Centro situado dentro del
Parque Tecnoldgico de la Salud (PTS).

e Consideraciones para la prueba de COMPOSICION COPORAL:

Debe acudir al lugar de evaluacion, como minimo, 2 horas después de haber
realizado su Ultima comida. En las 24 h previas no realizar esfuerzos fisicos intensos.

No llevar consigo accesorios metalicos (anillos, pulseras, colgantes).
Una vez terminada esta prueba puede comer.

e Consideraciones para el RESTO DE PRUEBAS (condicion fisica, podologia,
marcha, carrera, etc):

Se empleard ropa deportiva “COMODA”, recomendandose camiseta corta o de
tirantes, y malla o pantaldn corto. Para los momentos de descanso, es conveniente
traer algo para merendar y liquidos para hidratarse (agua, zumo, bebida isoténica,
etc.). El centro dispone de agua potable, y maquinas de refrescos y snack.

CALZADO: deportivo (no de cafia alta). Se empleara el calzado deportivo que el
usuario considere mas confortable para la realizacién de todas las pruebas de
condicidn fisica y de locomocién: andar, correr, saltos, pruebas de agilidad. Se
empleara el calzado que cada usuario considere adecuado para cada prueba.

Responsable: Emilio José Ruiz Malagén; Telf.: 656644167, e-Mail:
emiliorm@correo.ugr.es
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9.4. ANEXO 4. DOCUMENTO DE APROBACION EXPERIMENTACION CON
HUMANOS DE LA PRESENTE TESIS (COMITE DE ETICA DE LA
UNIVERSIDAD DE GRANADA).

UNIVERSIDAD .
DEGRANADA Vicerrectorado de Investigacion y Transferencia

COMITE DE ETICA EN INVESTIGACION
DE LA UNIVERSIDAD DE GRANADA

La Comision de Etica en Investigacion de la Universidad de Granada. visto el
informe preceptivo emitido por la Presidenta del Comité en Investigacion Humana,
tras la valoracion colegiada del Comité en sesion plenana. en el que se hace
constar que la investigacion propuesta respeta los principios establecidos en la
legislacion internacional y nacional en el ambito de la biomedicina, la
bioteconologia y la bioética, asi como los derechos derivados de la proteccion de
datos de carécter personal,

Emite un Informe Favorable en relacion a la investigacion titulada: 'EFICACIA DEL
EMPLEO DE TECNOLOGIAS PORTABLES PARA LA MONITORIZACION DE
INDICADORES DE RENDIMIENTO Y SALUD EN TENISTAS.' que dirige D./Diia.
EMILIO JOSé RUIZ MALAGON. con NIF 20.225.742-W. quedando registrada con
el n®: 912/CEIH/2019.

Granada, a 30 de Septiembre de 2019.

= =
EL PRESIDENTE EL SECRETARIO
Fdo: Ennque Herrera Viedma Fdo. Fernando Cornet Sanchez del Aguila

Tomn Via B¢ Cotbe 48 3 Piania L8071 SRANADA
D M TATION (XY 4%
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9.5. ANEXO 5. EJEMPLO DE INFORME DE COMPOSICION CORPORAL
ENTREGADO A LOS PARTICIPANTES DE LOS DISTINTOS ESTUDIOS

InBody230
Page: 10f2
Nombre (LB190207102708) Estatura 168.0cm Fecha 2019/02/06
Edad 24.0Edad Sexo  Hombre Hora 11:29:25
Composicién Corporal
Masa Magra Segmental
[ S e T AR Masa Magra
T ¥ T T T T T T T Evaluacion
55 70 85 100 115 120 145 160 175 ~
Peso — — 1.4 kg U
70 8 9 100 110 120 130 140 150 =
s 251 kg %8433 21k 23k
_ Bajo Normal
0 60 80 100 160 220 280 40 400 7.5~149
Maza Grasa Corporal I — (- 15.5 kg
e —— 2 19:5kg
ACT LG 720kg Bajo a
Agua Corporal Total (34.9~42.7) Y T — (45.3 ~ 56.5)
$4kg 63kg
Bajo Bajo
Grasa Segmental
__PGC_
Peso, -Masa Grasa
MC = i
MC fkgim?)  21.8 18.5~25.0 (Eatatra )
Indice 0 Masa Corporal
PGC gaee 'isésx* %_9“}_
PGC = e X100 A3k 12K ]
pm::pm Grasa (%) 301 10.0 ~ 20.0 Pesokg Alto Alto
Rec O : i
0.96 0.80 ~ 0.90 = intura,cm 7 kg g
Relscion Cintura-Cadera RCC = —rounterenciade Mo 5
Cadera,cm {
MB
Metabotsino {keal) 1298 1385 ~ 1610 A
Basal
* Grasa segmental estimado.
Control de Musculo y Grasa Impedancia
z BD Bl TR PD PI(Q)
Control de +98kg Control de G -94kg 20kHz: 350.4 3898 252 3013 3094
ShEEO 100kHz: 3266 3644 239 2764 2844
* Utilice sus como ia cuando a su médico o entrenador personal.
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9.6. ANEXO 6. MATERIAL SUPLEMENTARIO ESTUDIO 3.

e Supplementary file: Justification of the Cardan sequence selection

with examples

In a pilot study five tennis players performed a series of forehands at 500
Hz that were filtered at 18 Hz (more details on the selection of the cutoff filter
are given in the main study). The elbow angles of the NOTCH® sensor (flexion-
extension and pronation-supination) were compared with those obtained
with the MOCAP 3D system (Qualisys + Visual 3D). The main study explains
the procedure for placing the NOTCH sensors and the reflective markers and
the reconstruction of the 3D coordinate axes of the arm and forearm
segments. To calculate 3D angles using Visual 3D, initially we use the Cardan
sequence ML-AP-AXIAL as recommended by the ISB (257). The first rotation
(ML) refers to flexion and the third rotation (AXIAL) to pronation of the
forearm. The visual inspection of the signal showed a great similarity between
the value of the first rotation of the Cardan sequence ML-AP-AXIAL and the
elbow flexion angle indicated by the Notch device (see Supplementary Figure
3343, 33c, 33e, 33g and 33i). There was a vertical offset between both signals
that was easily corrected by adding or subtracting a constant value to the
elbow angle signal computed with the MOCAP based on the cross-correlation
between both signals (159). Supplementary table 12 shows the value off this
offset for each subject and each condition of the experiment explained in the
main document. However, in the case of the pronosupination computed by
the IMU NOTCH when we inspect visually the superimposed signal with that
of the third rotation of the Cardan sequence ML-AP-AXIAL, there was almost
any similarity. We then tried to compare the signal from the second rotation
of the Cardan sequence ML-AP-AXIAL with the pronosupination (we
hypothesized that there could be an error in the internal algorithms of the
NOTCH® sensor). We didn't see any similarities either. So, we decided to
compare the signals with other rotations, using different Cardan sequences
and we noticed that there was a strong resemblance - the peaks and valleys
of the signal coincided in many cases - with the first rotation of the AP-AXIAL-
ML Cardan sequence. We corrected the temporal offset by translating the
signal to the right or to the left (using an Excel application designed ad hoc),
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using a cross-correlation based phase shift technique (159). There was a small
offset in terms of the initial angle (due to differences between the
coordinates axis of the arm and forearm of the NOTCH® sensor and MOCAP
System) that we corrected by adding or subtracting a constant value to the
elbow angle signal computed by the MOCAP 3D. Finally, although the two
signals had the same trend (there was a large coincidence in time between
the peaks and valleys of both) we had to apply a scale compression factor to
the elbow angle computed by the MOCAP. These two transformations of the
signal (adding or subtracting a constant value and using a scale compression
factor) were also based on the cross-correlation between both signals.
Supplementary table 13 shows the values of the constant assessment that
was added or subtracted and of the scale factor for each of the subjects and
each of the series explained in the main document. Supplementary figure
33b, 33d, 33f, 33h and 33j show the similarities between the transformed
signals (first rotation of the Cardan sequence AP-AXIAL-ML) and the
pronosupination angle computed by the NOTCH® sensors.

As can be seen in the table 12 and 13, both the offset of the 1st rotation
Cardan sequence ML-AP-AXIAL, the offset of the 1st rotation Cardan
sequence AP-AXIAL-ML and the scale factor applied to the 1st rotation Cardan
sequence AP-AXIAL -ML were very similar at the within-subject level (mean
and total standard deviation were 22.1 + 12.7; 111 + 44.7 and 1.7 + 0.4). It
seems that in the case of flexo-extension the offset appears to be 26 degrees.
In the case of pronosupination the offset seems larger (close to 100 degrees
in most cases) and a scale factor of approximately 1.6 must also be applied.
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Table 12. Shows the values of the constant assessment that was added or subtracted and
of the scale factor for each of the subjects

Value added or Secale Value added or Seale Value added or Seale
subtracted (offsat) in |  factor subtracted (offsat)in | factor subtracted (offset) in | factor
Participant degrees applied degrees applied to » degrees applied
(8), condition to the lst e the lst Pam;:P at 8), to the lst
JE ; Participant, lst : condition (PRE lst /
(PRE or § rotation o ; rotation 3 rotation
POST) and st | rotation Cardan condition and lst wofaion | L | o POST) and wofafion | o
. rotation | Cardan sampling rate | rotation | Cardan sampling rate | lstrotation | Cardan
sampling rate sequence sequence sequence
) Cardan | sequence AP Cardan | sequence AP (Hz) Cardan | sequence AP
sequence | AP- AXIAL sequence |  AP- A.XLXL saquence AP- AYIAL
ML-AP- | AXIAL-| ° ML ; ML-AP- | AXIAL- | ° ML - ML-AP- | AXIAL- |° ML i
AXIAL | ML AXIAL | ML AXIAL ML
SIPRE 500 | 28 93 14 | 86 PRE 500 20 70 23 S11 PRE 500 19 101 1.7
SIPRE230 | 27 91 14 | 56 PRE 230 17 97 3.1 S11_PRE 250 28 93 1.7
SIPRE 100 | 37 106 14 | 86 PRE 100 19 76 29 S11_PRE 100 2 %4 13
S POST 500| 43 93 17 |86 POST 500) 17 101 3 $11_POST 500 20 116 18
SIPOST 250 18 80 14 |S6POST 230| 17 4 24 811 POST 230 P! 108 17
S1 POST 100| 28 9 14 |S6POST100| 23 75 24 811 POST 100 35 126 18
§$2 PRE 500 52 124 14 | ST PRE 500 23 129 2 §12 PRE 300 23 117 17
§$2 PRE 230 52 134 1.5 | ST PRE 230 21 150 23 $12 PRE 250 2% 150 21
82 PRE_100 1% 108 1.5 | ST PRE 100 4 95 14 $12 PRE 100 2% 114 1.7
82 POST 500 51 128 15 |S7POST 500) 19 112 19 812 POST 300 i 118 17
S2POST 250| 352 133 15 |87 POST 250| 20 99 1.5 812 POST 250 20 107 16
S2 POST 100 50 122 14 |STPOST100| 23 9% 1.5 $12 POST 100 2% 119 1.7
S3 PRE 500 | 35 108 14 | S8 PRE 300 21 92 18 §13 PRE 300 16 87 16
S3 PRE 230 | 31 110 14 | S8 PRE 230 24 102 19 §13 PRE 250 15 93 14
SIPRE 100 | 25 114 14 | S8 PRE 100 23 70 14 813 PRE 100 17 86 15
§3 POST 300 34 14 1.5 |88 POST 300 23 86 1.7 813 POST 300 17 83 15
83 POST 250 2% 118 15 |S8POST230| 23 83 1.7 813 POST 230 17 79 15
S3POST 100] 28 128 15 [S3POST 100| 28 102 18 813 POST 100 19 93 14
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Table 13. Shows the values of the constant assessment that was added or subtracted
and of the scale factor for each of the subjects

Value added or Seale Value added or Seale Value added or Seale
subfracted (offsat) in | factor subfracted (offsef)m | factor subtracted (offset)m | factor
Pa:tmp;:;t deprees appliad Paticigat(§), degraes applizd to Puticgat (), dezrees applied
(8), condition " tothe st sudiion (°KE " the 1t auition ORE T to the 1ot
L T e CurPJOST)ﬂ:nd | i | P CurPJOST)(Paﬂd ogion |
POST) and , :
D2 | ior | Catir | ™ | sl | rttion | Carn | 2 | sampngre | Ltmision| Cad | S22
sampling rata sequance . sequance sequence
(H) (ardan squm 1. (Hz) Cardan :qunce 1. (Hz) Cardan secjlau;nce 7.
equance | AP sgee | AR sequence - | L
ML-AP- | AXIAL- \L ML-AP- | AXIAL- L ML-AP- | ANIAL- L
AL | ML ATAL | M AYTAL | ML

B FRESN0 | 23 11 14 | 89 PRES00 | 18 189 14 | S4PRES0 | I3 130 L3

BMFRE20 | 3 143 L7 | 89PREIN0 | 16 161 11 | BMPREN0 | 14 i 1

BFREIN | 3 13 16 | S9PREL0 | 16 113 1l [ S4PREL0 | 3l 138 LT

S POST 300 26 132 L7 | 9 POST SO0 | 4 131 1 |SMPOSTS00| 20 168 L7

S4POST 0| 2 153 11 [ S9POST250| 17 157 11 [SMPOST250| 17 145 L3

MPOST IO 1 il 16 | S9POSTI00| 13 L 19 [S4POST IO 30 148 Li

SFREIN | 0 -148 14 | SI0PRES00 | 7T 181 1 |BI3FRES00 | 3 i L4

SIPRE 20 | % 14 | SWERE0 | U 131 16 |[SISPREN0 | 32 0 Li

55 FRE 100

v

% 14 | SIOPRE 100 | 18 130 Li [SISPREI00 | 3 4 14

SIPOST 30| -1 % 14 [SI0POST 300 | 22 129 L6 |SISPOST300) 33 i} L&

SIPOST M0 O % 14 |810POST230| 17 110 L3 |83 POST 250 31 69 L3

SIPOSTIO0) 3 % 14 |SI0POSTI00| 18 113 14 [SISPOSTI00| 36 i L4
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a) Participant number 3. First rotation Cardan sequence ML-AP-AXIAL vs.
Flexo-extension Notch® (RMSE = 8.73)

150

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
SAMPLE (N)

b) Participant number 3. First rotation Cardan sequence AP-AXIAL-ML vs.
Pronation-supination Notch® (RMSE = 8.73). Scale factor=1/1.4

150
100
50

ANGLE (°)

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
SAMPLE (N)

c) Participant number 4. First rotation Cardan sequence ML-AP-AXIAL vs.
Flexion-extension Notch® (RMSE = 2.71)

150
100
50

0 T T T T T 1
2000 4000 6000 8000 10000 12000
SAMPLE (N)

ANGLE (°)

d) Participant number 4. First rotation Cardan sequence AP-AXIAL-ML vs.
Pronation-supination Notch® (RMSE = 8.92). Scale factor = 1.4

150
100
50

0 T T T T T T T 1
3000 4000 5000 6000 7000 8000 9000 10000
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ANGLE (°)
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e) Participant number 8. First rotation Cardan sequence ML-AP-AXIAL vs.
Flexion-extension Notch® (RMSE = 6.75)

150
100
50

0 T T T T T T T T 1
2000 3000 4000 5000 6000 7000 8000 9000 10000
SAMPLE (N)

f) Participant number 8. First rotation Cardan sequence AP-AXIAL-ML vs.
Pronation-supination Notch® (RMSE = 6.85). Scale factor = 1.8

ANGLE (°)

150
100
50

0 - T T T T T T T T T T T T T T T 1

2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 950010000
SAMPLE (N)

ANGLE (°)

g) Participant number 12. First rotation Cardan sequence ML-AP-AXIAL vs.
Flexion-extension Notch® (RMSE = 8.78)

150
100
50

0 T T T T T T T T 1
2000 3000 4000 5000 6000 7000 8000 9000 10000
SAMPLE (N)

h) Participant number 12. First rotation Cardan sequence AP-AXIAL-ML vs.
Pronation-supination Notch® (RMSE = 7.99). Scale factor = 1.7

ANGLE (°)

150
100
50
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2000 3000 4000 5000 6000 7000 8000 9000 10000
SAMPLE (N)

i) Participant number 15. First rotation Cardan sequence ML-AP-AXIAL vs.
Flexion-extension Notch® (RMSE = 8.78)

ANGLE (°)

0 : T - |.: - T ¢ T : | L T - i T |.. 1
3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
SAMPLE (N)
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j) Participant number 15. First rotation Cardan sequence AP-AXIAL-ML vs.
Pronation-supination Notch® (RMSE = 3.78). Scale factor = 1.6

150
= 100
4
@ 50
=2
=

-50 J SAMPLE (N)

3000 4000 5000 6000 7000 8000 9000 10000

Figure 33. Superposition of the elbow angle signal obtained with the MOCAP system and
with the NOTCH sensor in the case of 5 subjects. The elbow angle signals with
the MOCAP system have been transformed as explained in the initial text of this
document
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9.7. ANEXO 7. CURRICULO DE EMILIO J. RUIZ-MALAGON, AUTOR DEL

TRABAJO.

Parte A. DATOS PERSONALES

Fecha del CVA 15/12/2023 |

Nombre y apellidos

Emilio José Ruiz Malagon

DNI/NIE/pasaporte

20225742-W

Edad |31

NUm.
identificacion

WoS Researcher ID

AAD-1597-2021

Open

Researcher
Contributor ID (ORCID)

and | https://orcid.org/0000-

0003-1228-5413

A.1. Situacion profe

sional actual

Organismo Universidad de Granada
Dpto./Centro Departamento de Educacion Fisica y Deportiva
Direccion Carretera de Alfacar, s/n, 18011, Granada, Espafia.
Teléfono +34656644167 | °"°° | emiliorm@ugr.es
electrénico
i Fech
Categqua Estudiante de doctorado . e.c. a 01/09/2019
profesional inicio
Biomecanica; rendimiento; wearables; analisis 3D;
Palabras clave
deportes de raqueta.

A.2. Formacion académica

Titulacion Universidad / Institucion Aino

Grado de Educacién Primaria con . . 2013-

Mencién en Educacioén Fisica. Universidad de Granada 2017

Master de Investigacion en . . 2017-
u dad de G d

Actividad Fisica y Deporte. niversidad de Lranada 2018
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A.3. Indicadores generales de calidad de la produccion cientifica
Publicaciones totales: 16; JCR: 12

Citas totales: 120; H-Index: 5; indice i10: 4

Media de Citas/afio: 19 (Web of Science)

Parte B. RESUMEN LIBRE DEL CURRICULUM

Actualmente matriculado en el programa de doctorado en biomedicina de la
Universidad de Granada. Mi principal linea de investigacion es la biomecanica
aplicada a la marcha, locomocidén y deportes de raqueta, mediante el uso de
tecnologias portables (wearables). Investigador a tiempo completo en el
Instituto Mixto Universitario de Deporte y Salud (IMUDS) perteneciente a la
Universidad de Granada. Jugador de tenis de competicion y amante del
deporte en general, lo que provocé mi traslado de la facultad de Ciencias de
la Educacién a la de Ciencias de la Actividad Fisica y el Deporte para realizar
mis estudios de posgrado.

Parte C. MERITOS MAS RELEVANTES
C.1. Publicaciones incluidas en la tesis

1. Ruiz-Malagédn, E. J., Delgado-Garcia, G., Castro-Infantes, S., Ritacco-
Real, M., & Soto-Hermoso, V. M. (2022). Validity and reliability of
NOTCH?® inertial sensors for measuring elbow joint angle during tennis
forehand at different sampling frequencies. Measurement, 201,
111666.

2. Ruiz-Malagén, E. J., Castro-Infantes, S., Ritaco-Real, M., & Soto-
Hermoso, V. M. (2023). Concurrent validity of the Polar Precision
Prime® photoplethysmographic system to measure heart rate during
a tennis training session. Proceedings of the Institution of Mechanical
Engineers, Part P: Journal of Sports Engineering and Technology,
17543371231165102.

3. Ruiz-Malagdn, E. J., Delgado-Garcia, G., Ritacco-Real, M., & Soto-
Hermoso, V. M. (2022). Kinematics differences between one-handed
and two-handed tennis backhand using gyroscopes. An exploratory
study. International Journal of Racket Sports Science, 4(1), 16-24.

4. Ruiz-Malagén, E. J., Vanrenterghem, J., Ritacco-Real, M., Gonzalez-
Fernandez, F. T., Soto-Hermoso, V. M., & Delgado-Garcia, G. (2023).
Field-based upper-body motor variability as determinant of stroke
performance in the main tennis strokes. Proceedings of the Institution
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of Mechanical Engineers, Part P: Journal of Sports Engineering and
Technology, 17543371231156266.

C.2. Otras publicaciones del autor no incluidas en la tesis

1. Delgado-Garcia, G., Vanrenterghem, J., Courel-lbanez, J., Ruiz-
Malagon, E. J., Ruiz-Alias, S., & Soto-Hermoso, V. M. (2019). A tennis
field test to objectively measure the hitting accuracy based on an Excel
spreadsheet. International Journal of Racket Sports Science, 1(2), 24-
36.

2. Delgado-Garcia, G., Vanrenterghem, J., Muioz-Garcia, A., Ruiz-
Malagon, E. J., Mafias-Bastidas, A., & Soto-Hermoso, V. M. (2019).
Probabilistic structure of errors in forehand and backhand
groundstrokes of advanced tennis players. International Journal of
Performance Analysis in Sport, 19(5), 698-710

3. Garcia-Pinillos, F., Chicano-Gutiérrez, J. M., Ruiz-Malagén, E. J., &
Roche-Seruendo, L. E. (2020). Influence of RunScribe™ placement on
the accuracy of spatiotemporal gait characteristics during
running. Proceedings of the Institution of Mechanical Engineers, Part
P: Journal of Sports Engineering and Technology, 234(1), 11-18.

4. Ruiz-Malagén, E. J., Ruiz-Alias, S. A., Garcia-Pinillos, F., Delgado-
Garcia, G., & Soto-Hermoso, V. M. (2020). Comparison between
photoplethysmographic heart rate monitor from Polar Vantage M and
Polar V800 with H10 chest strap while running on a treadmill:
Validation of the Polar Precision PrimeTM photoplestimographic
system. Proceedings of the Institution of Mechanical Engineers, Part
P: Journal of Sports Engineering and Technology, 1754337120976659.

5. Garcia-Pinillos, F., Latorre-Roman, P. A., Chicano-Gutiérrez, J. M., Ruiz-
Malagén, E. J., Parraga-Montilla, J. A., & Roche-Seruendo, L. E. (2020).
Absolute reliability and validity of the OptoGaitTM system to measure
spatiotemporal gait parameters during running. Proceedings of the
Institution of Mechanical Engineers, Part P: Journal of Sports
Engineering and Technology, 1754337120977409.

6. Molina-Molina, A.; Ruiz-Malagén, E.J.; Carrillo-Pérez, F.; Roche-
Seruendo, L.E.; Damas, M.; Banos, O.; Garcia-Pinillos, F., (2020).
Validation of mDurance, A Wearable Surface Electromyography
System for Muscle Activity Assessment. Frontiers in Physiology 11,
606287.

7. Delgado-Garcia, G., Vanrenterghem, J., Ruiz-Malagén, E. J., Molina-
Garcia, P., Courel-Ibafiez, J., & Soto-Hermoso, V. M. (2020). IMU
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10.

11.

12.

gyroscopes are a valid alternative to 3D optical motion capture system
for angular kinematics analysis in tennis. Proceedings of the Institution
of Mechanical Engineers, Part P: Journal of Sports Engineering and
Technology, 1754337120965444.

Ruiz-Alias, S. A., Garcia-Pinillos, F., Soto-Hermoso, V. M., & Ruiz-
Malagon, E. J. (2021). Heart rate monitoring of the endurance runner
during high intensity interval training: Influence of device used on
training functions. Proceedings of the Institution of Mechanical
Engineers, Part P: Journal of Sports Engineering and Technology,
17543371211037035.

Jaén-Carrillo, D., Ruiz-Alias, S. A., Chicano-Gutiérrez, J. M., Ruiz-
Malagon, E. J., Roche-Seruendo, L. E., & Garcia-Pinillos, F. (2022). Test-
Retest Reliability of the MotionMetrix Software for the Analysis of
Walking and Running Gait Parameters. Sensors, 22(9), 3201.
Delgado-Garcia, G., Coll, J. S., Infantes, S. C., Ruiz-Malagén, E. J. R,
Colio, B. B., & Fernandez, F. T. G. (2022). Validation of wearables for
technical analysis of tennis players. International Journal of Racket
Sports Science, 4(2), 56-60.

Ruiz-Malagén, E. J., Garcia-Pinillos, F., Molina-Molina, A., Soto-
Hermoso, V. M., & Ruiz-Alias, S. A. (2023). RunScribe Sacral Gait Lab™
Validation for Measuring Pelvic Kinematics during Human Locomotion
at Different Speeds. Sensors, 23(5), 2604.

Ruiz-Malagoén, E. J., Delgado-Garcia, G., Lépez-Gutiérrez, E., Zurita-
Ortega, F., & Soto-Hermoso, V. M. (2020). Benefits of an intervention
programme with racket sports in primary  school
students. International Journal of Racket Sports Science, 2(2), 9-17.

C.3. Contratos 1+D+i

1.

“Exoesqueleto pasivo adaptado a la bota” (ExoBoot). Ref.
10032/18/0053/00 (2018/ SP03390102/00000158). Proyecto
financiado por el Ministerio de Defensa de Espafia. SEDEF Direccién
General de Armamento y Material. Financiacién recibida: 6000 €.
Duracién: 4 meses (2018-2019). IP: Victor Manuel Soto Hermoso

“Innovacion y transferencia de las nuevas tecnologias aplicadas al
deporte en la formacién profesional” (acrénimo: TICsDeportivasFP).
Ref.: Ref. IAFP21/00141. Convocatoria 2021 de ayudas destinadas a la
realizacion de proyectos de innovacion e investigacion aplicada y
transferencia del conocimiento en la Formaciéon Profesional.
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Ministerio de Educacidén y Formacion Profesional. Duracién: 3 meses
(2021). Financiacion recibida: 4500 €. IP: Victor Manuel Soto Hermoso.
“Desarrollo, testeo e implantacion de un sistema informatico que dé
soporte al Plan Andaluz de Prescripcién de Actividad y Ejercicio Fisico”
(acrénimo: ActiVital). Entidad financiadora: Junta de Andalucia, a
través de un Convenio Especifico entre la Consejeria de Turismo,
Cultura y Deporte de la Junta de Andalucia, y la Universidad de
Granada, con cargo a los fondos europeos (NextGenerationEU) del
Plan de Recuperacién, Transformacién y Resiliencia. Las actuaciones
objeto de este convenio se desarrollan por miembros del Instituto
Mixto Universitario Deporte y Salud (iMUDS). Duraciéon: 6 mese
(2023). Financiacion recibida: 13.000 €. IP: Victor Manuel Soto
Hermoso.

C.3. Proyectos I+D+i

1.

“Desarrollo de asesores virtuales y su validacion en un proyecto
educativo integral para poblacion deportista de bachillerato,
formacidn profesional y universitaria involucrados en formacion dual”
(EduSport). Ref. PID2020-115600RB-C21. Plan Estatal de I+D+i,
convocatoria Retos. Funding received: 36,421 €. Duration: 3 years
(2021-2024). IP: Victor Manuel Soto Hermoso; Co-IP: Felipe Garcia
Pinillos.

“Desarrollo de un prototipo de exoesqueleto pasivo adaptado a bota
técnica, para la optimizacién de la locomocién humana, vélido para el
ambito militar y civil (ExoLimb2)”. Ref.5974. Convocatoria 2017 de
Ayudas a Actividades de Transferencia de Conocimiento entre los
Agentes del Sistema Andaluz del Conocimiento y el Tejido Productivo,
Plan Andaluz de I+D+l (PAIDI 2020). Financiacion: 90,000 €. Duracién:
1 afio (2019-2020). IP: Victor Manuel Soto Hermoso.

“Equipamiento avanzado para investigacidn orientada hacia el
desarrollo del concepto de smart cities/healthy cities en el Instituto
Mixto Universitario Deporte y Salud”. Ref. EQC2018-004702-P. Plan
Estatal de I|+D+i, Ayudas para la Adquisicion de Equipamiento
Cientifico-Técnico. Financiacion: 826,125 €. Duracién: 3 afios (2018-
2020). IP: Victor Manuel Soto Hermoso.

“Desarrollo de una plataforma digital que permita monitorizar
indicadores de rendimiento y salud deportiva para poblacién andaluza
involucrada en deporte federado y en programas de ejercicio fisico
saludable (acronimo: AndaMove). Ref.: EXP_74829. Entidad
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financiadora: Convocatoria de Ayudas para Proyectos de Investigacion
en Ciencia y Tecnologia aplicada a la Actividad Fisica Beneficiosa para
la Salud (AFBS) y la Medicina Deportiva”, con cargo a los fondos
europeos (NextGenerationEU) del Plan de Recuperacion,
Transformacién y Resiliencia para el afio 2022. Organismo: Consejo
Superior de Deportes, Ministerio de Cultura y Deporte. Financiacidn:
155,999 €. Fecha y duracion: desde la fecha de resolucion definitiva
(27-marzo -2023) hasta el 30-noviembre-2023 (8 meses). IP: Victor
Manuel Soto Hermoso.

5. “Desarrollo, testeo e implantacidon de un sistema informatico que dé
soporte al Plan Andaluz de Prescripcién de Actividad y Ejercicio Fisico”
(acronimo: Andalucia Muévete). Entidad financiadora: Junta de
Andalucia, a través de un Convenio Especifico entre la Consejeria de
Turismo, Cultura y Deporte de la Junta de Andalucia, y la Universidad
de Granada, con cargo a los fondos europeos (NextGenerationEU) del
Plan de Recuperacién, Transformacion y Resiliencia. Las actuaciones
objeto de este convenio se desarrollan por miembros del Instituto
Mixto Universitario Deporte y Salud (iMUDS). Financiacién: 400,000 €.
Fecha y duracion: desde enero de 2023, hasta diciembre de 2023 (12
meses, 1 aio). IP (inv. principal): Victor Manuel Soto Hermoso.

6. “Optimizacion de la eficiencia de un exoesqueleto pasivo para la
locomocidn del soldado de tierra” (acrénimo: ExoSoldier). Ref.: CEMIX
9/18. Entidad financiadora: Convocatoria de Proyectos de
Investigacidn del Centro Mixto Universidad de Granada y el Mando de
Adiestramiento y Doctrina del Ejército de Tierra Espafiol (CEMIX UGR-
MADOC). Financiacién: 7,000 €. Fecha y duracion: 1 afo, desde el 11-
abril-2018 al 11-mayo-2019. IP (inv. principal): Victor Manuel Soto
Hermoso.

7. “Monitorizacion y fomento de habitos saludables, mediante una
plataforma basada en sensores portables y asesores virtuales, para la
promocién del envejecimiento activo en poblacién activa y mayor”
(acrénimo: AVISaMe). Ref.: DEP2015-70980-R. Entidad financiadora:
Convocatoria de Proyectos de Investigacién del Programa Estatal de
Investigacion, Desarrollo e Innovacién Orientada a los Retos de la
Sociedad, en el marco del Plan Estatal de Investigacion Cientifica y
Técnica y de Innovacién 2013-2016. Area Tematica de Gestidn:
Deporte. Este proyecto esta cofinanciado por el Fondo Europeo de
Desarrollo Regional (FEDER). Financiacion: 102,850 €. Fecha vy
duracion: 3 afos, desde 1-enero-2016 hasta 31-diciembre-2018 (nos
han concedido una prérroga de 1 afio extra, hasta el 31-diciembre-
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2019). IP (inv. principal) 1: Victor Manuel Soto Hermoso. Co-IP (inv.
principal) 2: Manuel Noguera Garcia.

8. “Equipamiento para investigacion en el ambito de Big Data aplicado al
area del Deporte y la Salud en el Instituto Mixto Universitario Deporte
y Salud.” Ref.: UNGR15-CE-3400. Entidad financiadora: Convocatoria
2015 de Ayudas a Infraestructuras y Equipamiento Cientifico-Técnico
del Subprograma Estatal de Infraestructuras Cientificas y Técnicas y
Equipamiento (Plan Estatal de |+D+i) del Ministerio de Economia y
Competitividad. Financiacién: total 716,400.00 €, de los cuales
corresponden 573,120 € son en modalidad subvencién FEDER, y
143,280 € en modalidad préstamo para UGR. Fecha y duracidn: 2 afos
(24 meses), desde 1-enero-2016 hasta 31-diciembre-2017. IP: Victor
Manuel Soto Hermoso.

9. Proyecto AGUEDA- Active Gains in brain Using Exercise During Aging.
Call I+D+i retos, Ref: RTI12018-095284-J100. Ministerio de economia y
competitividad. IP: Esteban-Cornejo, University of Granada. 2019-
2022. 210.000%.

10. Proyecto Backfit. Entidad financiadora: Instituto de Salud Carlos llI,
cofinanciado por la Fundacién Europea. Fecha y duracién: 2021-2024.
IP: Victor Segura Jiménez.

C.4. Congresos

Comunicaciones orales

1. “Andlisis de las diferencias cinemdticas entre el revés a una y dos
manos de tenis mediante el uso de girdscopos.” XLI Congreso de la
Sociedad Iberoamericana de Biomecdanica y Biomateriales, Madrid
2018.

2. “Andlisis del golpeo de pddel remate por tres metros mediante el uso
de giréscopos.” XLI Congreso de la Sociedad Iberoamericana de
Biomecanica y Biomateriales, Madrid 2018.

3. “Validacion de wearables para el andlisis técnico de tenistas.” XLI
Congreso de la Sociedad Iberoamericana de Biomecanica vy
Biomateriales, Madrid 2018.

4. “Influencia del calzado deportivo en la economia de carrera.” XLII
Congreso de la Sociedad Iberoamericana de Biomecanica vy
Biomateriales, Madrid 2019.
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10.

Posters

1.

“Validacion del medidor de frecuencia cardiaca del nuevo polar
Vantage M. Estudio Piloto.” XLII Congreso de la Sociedad
Iberoamericana de Biomecanica y Biomateriales, Madrid 2019.
“Andlisis de tres metodologias para la deteccion de asimetrias en
aterrizajes de saltos.” | Congreso de investigadores del PTS, Granada,
Marzo 2019.

“Andlisis biomecdnico del remate de pddel plano en funcion del nivel
de juego”. Investigacion Didactica y Estudios Curriculares Avanzados
para la Educacién y la Ciudadania (CIIDEA), Palma, 2022.
“Associantions of gait variability with inhibitory control in cognitive
healthy older adults: the AGUEDA proyect.” 1st International Congress
“Promoting Brain Health Through Exercise Across the Lifespan”,
Granada, 2021.

“Associations between gait velocity parameters and brain amyloid-8

levels in cognitive normal older adults: a cross-sectional analysis from
the AGUEDA trial.” Alzheimer’s Association International Conference
(AAIC), Amsterdam, 2023.

Is muscle strength associated with spatiotemporal gait parameters in
patients with non-specific chronic low back pain? The Backfit Project,
(2023). Annals  of the Rheumatic Diseases, 82(1),
http://dx.doi.org/10.1136/annrheumdis-2023-eular.6211

“Step length variability and gray matter volume, and its derived
association with executive function in cognitively normal older adults:
The AGUEDA trial.” VIII Simposio EXERNET: “Ejercicio fisico para la
salud a lo largo de la vida”, Almeria, 2023.

“EXOBOOT. Prototipo de exoesqueleto pasivo adaptado a la bota
militar”. Ejército, Empresa y Conocimiento: Un alianza estratégica
para el Horizonte 2035, Granada, 2019.

“Andlisis de la trayectoria de la raqueta de tenistas ATP en
competicion con un sistema fotogramétrico 3D lowcost". XLI Congreso
de la Sociedad Ibérica de Biomecdnica y Biomateriales (SIBB), Madrid,
2018.

C.5. Responsabilidades institucionales, pertenencia a sociedades cientificas

- Desde 05/2018 — hasta la actualidad Investigador a tiempo completo en
Grupo de Investigacién CTS-545 (Human Lab), iMUDS. Funciones principales:
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técnico de apoyo a la investigacion y disefio y realizacién de articulos
cientificos.

- Tutor profesional en la entidad “Human Lab (iMUDS)-UGR” de estudiantes
de Ciencias de la Actividad Fisica y Deporte en la asignatura “Practicas
externas” del curso académico 2018-19; 19-20, 20-21, 21-22, 22-23 y 23-24.

-Docente en el curso “Diploma en enseiianza de Padel (Il ed.)” afios 2019,
2020, 2021 y 2022 en la asignatura “Biomecanica aplicada al Padel.”

-Docente colaborador en la asignatura optativa “Biomecdnica aplicada” del
cuarto curso de Ciencias de la Actividad Fisica y el Deporte de la Universidad
de Granada.

-Docente colaborador en el Master de Investigaciéon en Actividad Fisica y
Deporte de la Universidad de Granada (itinerario de actividad fisica y salud).

-Docente invitado en la asignatura de Deportes de raqueta de la Universidad
de Almeria.

Parte D. OTROS MERITOS

D.1. Capitulos de libro

1. Coll, J. F. R., Malagon, E. J. R., Vecino, B. M., & Garcia, G. D. (2023).
Andlisis de la cinematica y la variabilidad motora en remates de padel
en funcion del nivel de juego y de la intensidad de golpeo. Vigje
diddctico por el cuerpo y la mente: experiencia desde la abstraccion
cientifico-matemadtica a la educacion fisica. Dykinson S.L.

D.2. Revisiones para revistas JCR

- Frontiers in Physiology

- Perceptual and Motor Skills

- Mathematical Biosciences and Engineering

D.3. Formaciones complementarias

-Curso de iniciacidn a Matlab, Facultad de psicologia, Universidad de Granada,
2019.

ANEXOS | 261



Tesis Doctoral

-Curso de iniciacion a Blender, Universidad de Granada, 2019.

- Manejo y desarrollo de escdneres 3D fotogramétricos mediante
ordenadores de placa reducida Raspberry Pl, sincronizacion fotogramétrica y
procesamiento de avatares (curso 20 horas).

-Manejo de MotionMetrix para andlisis de la marcha y la carrera mediante
captura de movimiento 3D sin marcadores (curso 25 horas).

-Experiencia en el manejo del sistema de captura de movimiento mediante
camaras de rango infrarrojo/visible y VR Optitrack y manejo del software
Motive optical Motion Capture Software (curso 20 horas).

-Uso del sistema de obtencién o6ptico de datos mediante barras
transmisoras/receptoras trasladado al analisis de la caminata para la
prevencion y entrenamiento, Microgate- Optogait (curso 15 horas).

-Experto en analisis biomecdnico de la marcha y postura con sistema
baropodométrico software Freestep (curso 25 horas).

-Manejo de sistema de captura de movimiento SIMI Motion, grabacion de
movimiento mediante sincronizacion de camaras de alta velocidad,
procesamiento y tracking de movimiento 2D/3D, célculo de variables
posicionales y andlisis (curso 30 horas).

-Experiencia en la utilizacion de analizadores de composicion corporal
mediante equipos de BIA y nefrologia INBODY (curso 15 horas).
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