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Resumen

Observar la cinematica del pie mediante la utilizacion de sensores inerciales es un campo
de estudio de enorme interés para la podologia deportiva. Los sensores compuestos por
acelerdmetros, giroscopios y magnetdometros son capaces de medir la amplitud y

velocidad angular del pie en la carrera.

La ortesis plantar (OP) se disefian especificamente para proporcionar soporte y mejorar
la alineacién del pie y con ello la alineacién de la extremidad. En el atleta, es
fundamental entender como las ortesis plantares deportivas a medida pueden influir en

la forma en que un corredor se mueve y se desplaza.

Esta tesis doctoral presenta tres articulos previamente publicados sobre la cinematica
del pie mediante la utilizacion de sensores inerciales, que quieren dar respuesta a los

objetivos generales de:

1. Analizar la cinematica del pie mediante IMU en corredores aficionados sanos.
2. Determinar si existen asimetrias entre extremidades en las variables cinematicas
con y sin ortesis plantar.

3. Determinar el efecto de las ortesis plantares sobre la cinematica del pie.

Material y Método. Participaron en el estudio un total de 40 varones (43,0 + 13,8 afios)
sin lesiones locomotoras en el momento de la prueba. Los sensores se sujetaron con
velcro® y cinta adhesiva al dorso del calzado deportivo. Corrieron en una cinta de correr
durante 20 segundos a una velocidad de 2,5 m/s. Primero con su calzado habitual y
después el mismo tiempo y a la misma velocidad con su calzado habitual mas ortesis

plantar deportiva.

Estudio 1. Tuvo como objetivo realizar una descripcién cinematica del movimiento del
pie en el ciclo completo de la carrera en los tres planos del espacio y determinar si hay
diferencias entre el pie izquierdo y pie derecho. Los resultados permiten observar que
durante la carrera el pie mantiene una secuencia légica de movimiento, y que existen
diferencias con mas grados de amplitud de movimiento en pie derecho que en pie
izquierdo en los planos frontal y transverso. En el plano sagital no hay diferencias en la

amplitud de movimiento.
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Estudio 2. Los objetivos de este estudio fueron (1) determinar la amplitud de
movimiento del pie en los tres planos de movimiento del pie, solo en la fase de apoyo,
(2) Determinar la existencia de asimetrias entre los pies y (3) evaluar los efectos de las
ortesis de pie en la cinematica del pie. Se observa una simetria del movimiento del pie
en el plano sagital, pero no en los planos frontal y transverso. Las OP no corrigen las
asimetrias observadas en estos dos planos de movimiento. Existe una tendencia de la
ortesis plantar a reducir los grados de amplitud en los movimientos de los planos frontal
y transverso. El tiempo de contacto del apoyo y el tiempo total del ciclo de paso es mayor
con el uso de OP, no obstante, la frecuencia de paso no se ve alterada, sugiriendo que

las OP no interfieren sobre la técnica de carrera.

Estudio 3. Este estudio tiene como objetivo (1) describir el comportamiento de la
velocidad angular del pie en el ciclo de zancada y (2) determinar el efecto de la ortesis
plantar en la velocidad angular en los tres planos del movimiento del pie. Los cambios
cinematicos en la velocidad del pie ocurren entre el 30% y el 60% del ciclo. La OP reduce
la velocidad angular en el movimiento de abduccion y flexion dorsi-plantar, mientras
que aumenta la velocidad en el movimiento de inversidn-eversion, lo que facilita la

transicién a la pierna oscilante y con ello el desplazamiento del centro de masa.

Conclusidn general. Aunque el patrén de movimiento es similar entre pie derecho y pie
izquierdo, los resultados generales permiten observar que existen diferencias, con mas
grados de amplitud, de movimiento entre el pie derecho en los planos frontal y
transverso. La tendencia de la OP es el de reducir los grados de amplitud de movimiento
en los planos frontal y transverso, con mayor tiempo de apoyo y ciclo completo con
ortesis plantar y una disminucion en el nimero de zancadas, pero no a corregir las
posibles asimetrias que pueden existir entre los dos pies. La velocidad angular del pie se
ve afectada a partir de la fase estacionaria, por la inercia de la pierna oscilante, entre el
30% y 60% del ciclo. La OP modifica la cinematica disminuyendo la velocidad angular del
pie en los planos sagital y transverso, y aumentando la velocidad angular del pie en el
plano frontal. Todo ello ayudaria a mejorar la transicién hacia la pierna oscilante y con

ello tanto el gasto energético como el equilibrio dinamico de la carrera.
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Resum

Observar la cinematica del peu mitjangant la utilitzacié de sensors inercials és un camp
d'estudi d'interés enorme per a la podologia esportiva. Els sensors compostos per
accelerometres, giroscopis i magnetometres sén capacos de mesurar I'amplitud i la

velocitat angular del peu a la cursa.

L'ortesi plantar (OP) es dissenyen especificament per proporcionar suport i millorar
I'alineacid del peu i 'alineacid de I'extremitat. A I'atleta, és fonamental entendre com
les ortesis plantars esportives a mida poden influir en la manera com un corredor es

mou i es desplaga.

Aquesta tesi doctoral presenta tres articles préviament publicats sobre la cinematica del
peu mitjangant la utilitzacio de sensors inercials, que volen donar resposta als objectius

generals de:

1. Analitzar la cinematica del peu mitjancant IMU en corredors aficionats sans.
2. Determinar si hi ha asimetries entre extremitats en les variables cinematiques
sense ortesi plantar.

3. Determinar |'efecte de les ortesis plantars sobre la cinematica del peu.

Material i Métode. Van participar a I'estudi un total de 40 homes (43,0 + 13,8 anys)
sense lesions locomotores en el moment de la prova. Els sensors es van subjectar amb
velcro® i cinta adhesiva al dors del calgat esportiu. Van correr en una cinta de cérrer
durant 20 segons a una velocitat de 2,5 m/s. Primer amb el calcat habitual i després el

mateix temps ia la mateixa velocitat amb el calcat habitual més ortesi plantar esportiva.

Estudi 1. Va tenir com a objectiu fer una descripcid cinematica del moviment del peu en
el cicle complet de la carrera en els tres plans de |'espai i determinar si hi ha diferencies
entre el peu esquerre i el peu dret. Els resultats permeten observar que durant la cursa
el peu manté una seqliéncia logica de moviment, i que hi ha diferencies amb més graus
d'amplitud de moviment en peu dret que en peu esquerre als plans frontal i transvers.

Al pla sagital no hi ha diferencies en I'amplitud de moviment.

Estudi 2. Els objectius d'aquest estudi van ser (1) determinar I'amplitud de moviment

del peu als tres plans de moviment del peu, només a la fase de suport, (2) Determinar
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I'existéncia d'asimetries entre els peus i (3) avaluar els efectes de les ortesis de peu a la
cinematica del peu. S'observa una simetria del moviment del peu al pla sagital, pero no
als plans frontal i transvers. Les OP no corregeixen les asimetries observades en aquests
dos plans de moviment. Hi ha una tendéncia de I'ortesi a reduir els graus d'amplitud en
els moviments dels plans frontal i transvers. El temps de contacte del suport i el temps
total del cicle de pas és més gran amb I'Us d'OP, pero la freqliéncia de pas no es veu

alterada, suggerint que les OP no interfereixen sobre la técnica de carrera.

Estudi 3. Aquest estudi té com a objectiu (1) descriure el comportament de la velocitat
angular del peu al cicle de gambada i (2) determinar I'efecte de I'ortesi plantar a la
velocitat angular en els tres plans del moviment del peu. Els canvis cinematics en la
velocitat del peu tenen lloc entre el 30% i el 60% del cicle. L'OP redueix la velocitat
angular en el moviment d'abduccié i flexié dorsi-plantar, mentre que augmenta la
velocitat en el moviment d'inversid-eversid, cosa que facilita la transicid a la cama

oscil-lant i amb aix0 el desplacament del centre de massa.

Conclusié general. Tot i que el patré de moviment és similar entre peu dret i peu
esquerre, els resultats generals permeten observar que hi ha diferéncies, amb més graus
d'amplitud, de moviment entre el peu dret als plans frontal i transvers. La tendéncia de
I'OP és reduir els graus d'amplitud de moviment en els plans frontal i transvers, amb més
temps de suport i cicle complet amb ortesi plantar i una disminucié en el nombre de
gambades, pero no a corregir les possibles asimetries que poden existir entre els dos
peus. La velocitat angular del peu es veu afectada a partir de la fase estacionaria, per la
inercia de la cama oscil-lant, entre el 30% i el 60% del cicle. L'OP modifica la cinematica
disminuint la velocitat angular del peu als plans sagital i transvers, i augmentant la
velocitat angular del peu al pla frontal. Tot aixd ajudaria a millorar la transicié cap a la

cama oscil-lant i amb aix0 tant la despesa energética com |'equilibri dinamic de la cursa.
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Abstract

Observing the kinematics of the foot through the use of inertial sensors is a field of study
of enormous interest for sports podiatry. Sensors composed of accelerometers,
gyroscopes and magnetometers are capable of measuring the amplitude and angular

speed of the foot during the run.

Plantar orthoses (OP) are specifically designed to provide support and improve the
alignment of the foot and thus the alignment of the limb. For the athlete, it is essential
to understand how custom sports plantar orthoses can influence the way a runner

moves and moves.

This doctoral thesis presents three previously published articles on the kinematics of the
foot through the use of inertial sensors, which aim to respond to the general objectives

of:

1. To analyze foot kinematics using IMU in healthy amateur runners.
2. Determine if there are asymmetries between extremities in the kinematic
variables with and without plantar orthosis.

3. Determine the effect of plantar orthoses on foot kinematics.

Material and method. A total of 40 men (43.0 + 13.8 years) without locomotor injuries
at the time of testing participated in the study. The sensors were attached with Velcro
and adhesive tape to the back of the sports shoe. They ran on a treadmill for 20 seconds
at a speed of 2.5 m/s. First with your usual footwear and then the same time and at the

same speed with your usual footwear plus sports plantar orthosis.

Study 1. Its objective was to carry out a kinematic description of the movement of the
foot in the complete running cycle in the three planes of space and to determine if there
are differences between the left foot and the right foot. The results allow us to observe
that during running the foot maintains a logical sequence of movement, and that there
are differences with more degrees of amplitude of movement in the right foot than in
the left foot in the frontal and transverse planes. In the sagittal plane there are no

differences in range of motion.
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Study 2. The objectives of this study were (1) to determine the range of motion of the
foot in the three planes of movement of the foot, only in the stance phase, (2) to
determine the existence of asymmetries between the feet and (3) evaluate the effects
of foot orthoses on foot kinematics. Symmetry of foot movement is observed in the
sagittal plane, but not in the frontal and transverse planes. OPs do not correct the
asymmetries observed in these two planes of movement. There is a tendency for the
plantar orthosis to reduce the degrees of amplitude in the movements of the frontal and
transverse planes. The contact time of the support and the total time of the step cycle
is greater with the use of OP; however, the step frequency is not altered, suggesting that

the OP does not interfere with the running technique.

Study 3. This study aims to (1) describe the behavior of foot angular velocity in the stride
cycle and (2) determine the effect of the plantar orthosis on angular velocity in the three
planes of foot movement. Kinematic changes in foot speed occur between 30% and 60%
of the cycle. The OP reduces the angular velocity in the abduction and dorsi-plantar
flexion movement, while it increases the speed in the inversion-eversion movement,
which facilitates the transition to the swing leg and thus the displacement of the center

of mass.

General conclusion. Although the movement pattern is similar between the right foot
and the left foot, the general results allow us to observe that there are differences, with
greater degrees of amplitude, of movement between the right foot in the frontal and
transverse planes. The tendency of OP is to reduce the degrees of range of motion in
the frontal and transverse planes, with greater support time and complete cycle with
plantar orthosis and a decrease in the number of strides, but not to correct the possible
asymmetries that They can exist between the two feet. The angular velocity of the foot
is affected from the stationary phase, by the inertia of the swinging leg, between 30%
and 60% of the cycle. OP modifies the kinematics by decreasing the angular velocity of
the foot in the sagittal and transverse planes and increasing the angular velocity of the
foot in the frontal plane. All of this would help to improve the transition to the swinging

leg and with it both energy expenditure and the dynamic balance of the race.
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CAPITULO 1. TESIS POR COMPENDIO DE TRABAJOS PUBLICADOS

1.1. Estudios publicados.

En la presente tesis doctoral, de acuerdo con el informe correspondiente, autorizado y
validado por los directores de tesis y el 6rgano responsable del programa de doctorado
de la Universitat de Vic - Universitat Central de Catalunya (UVic-UCC), se expone como
un compendio de tres trabajos previamente publicados. Las referencias completas de

los articulos que pertenecen al cuerpo de la tesis son los siguientes:

e ESTUDIO 1: Florenciano Restoy, J. L.; Solé-Casals, J.; Borras-Boix, X. Descriptive
analysis of 3D foot motion using inertial sensors: comparison between lower
extremities Revespod. 2021;32(1):13-17.

e ESTUDIO 2: Florenciano Restoy, J. L.; Solé-Casals, J.; Borras-Boix, X. IMUs-based
effects assessment of the use of foot orthoses in the stance phase during
running and asymmetry between extremities. Sensors. 2021. 21, 3277.

e ESTUDIO 3: Florenciano Restoy, J. L.; Solé-Casals, J.; Borras-Boix, X. Effect of foot

orthoses on angular velocity of feet. Sensors. 2023. 10, 3390.

1.2. Comunicaciones presentadas.

o Florenciano Restoy, J.L. Descriptive analysis of 3D foot motion using inertial
sensors: comparison between lower extremities. XXVIl Jornadas Cientificas de
Podologia. Abril de 2022.

e Florenciano Restoy, J. L.; Solé-Casals, J.; Borras-Boix, X. Comparative Analysis of
Knee Movement with Inertial Sensor. International Workshop on Higher Education.

Doctoral Programme in Experimental Sciences and Technology. 5-2017.
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1.3. Motivacion de este estudio.

La motivacién detras de esta investigacion radica en el deseo de comprender como el
uso de ortesis plantares deportivas a medida puede afectar directamente la cinematica
de la carrera de un atleta. La cinematica se refiere al estudio del movimiento en términos

de posicion, amplitud, velocidad y aceleracidn.

En el contexto del deporte y el running, es fundamental entender como las ortesis
plantares deportivas a medida, pueden influir en la forma en que un corredor se mueve
y se desplaza. Estos dispositivos estan disefiados especificamente para proporcionar
soporte y mejorar la alineacién del pie y con ello la alineacién de la extremidad, lo que

podria tener un impacto significativo en la cinematica del corredor.

Al realizar mediciones cinemadticas utilizando sensores inerciales, es posible obtener
datos precisos sobre el movimiento de los corredores antes y después de usar las ortesis
plantares deportivas. Esto permite una evaluacion objetiva de las posibles

modificaciones en la cinematica y su relacion con la biomecanica de la carrera.

El objetivo de esta investigacién es determinar si el uso de ortesis plantares deportivas
a medida produce cambios positivos en la cinematica del corredor. Estas mejoras
podrian incluir una mayor eficiencia en la zancada, una distribucion de la carga mas
equilibrada en los pies, una reduccion en el riesgo de lesiones y un rendimiento general

mejorado.

En resumen, la motivacion de esta tesis radica en el interés por utilizar la capacidad de
medida cinematica de los sensores inerciales para investigar cdmo las ortesis plantares
deportivas a medida pueden modificar la cinematica del corredor y, a su vez, mejorar la
biomecanica de la carrera. A través de esta investigacion, se busca proporcionar una
base cientifica sélida que respalde la implementacién y el uso efectivo de estas ortesis,

con el objetivo de optimizar el rendimiento y prevenir lesiones en los corredores.
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CAPITULO 2. MARCO TEORICO

El estudio de la biomecanica humana, desde la cinematica a la cinética tiene amplias
aplicaciones en la salud humana, por ejemplo, en el estudio de la marcha, tanto normal
como patoldgica, para la seguridad de los trabajadores mejorando la ergonomia laboral,
y por supuesto en el dmbito del deporte, el gesto deportivo de los atletas y la prevencién

de lesiones (S. J. Lee & Hidler, 2008; Ojeda et al., 2015).

Histéricamente, los estudios de investigacién de la cinematica humana en todos estos
campos estan con frecuencia limitados a entornos de laboratorio. La unidad de medida
inercial o sensor inercial (IMU), es una herramienta para extraer datos de amplitud y
velocidad de movimiento en entornos que no son de laboratorio, como el lugar de
trabajo, el hogar, la clinica, la instalacion deportiva etc. En la presente tesis, se ha
seleccionado el pie como segmento para el estudio con IMU debido a la importancia que
tiene en el deporte en general y la carrera en particular (Bourdon et al., 2017; Li et al.,

2014; Montesinos et al., 2018; Rucco et al., 2018).

2.1. La carrera humana, parametros y terminologia

La carrera humana es un proceso de locomociéon humano en el que el cuerpo se mueve
hacia delante, siendo el peso soportado, alternativamente, por ambas extremidades. Al
desplazar el cuerpo sobre la pierna de apoyo, la otra extremidad se balancea y se
prepara para el siguiente apoyo (Sanchez Lacuesta, 1999). La diferencia con respecto a
la marcha es que en el proceso de transferencia del peso del cuerpo de la pierna
retrasada a la pierna adelantada ambos pies se separan del suelo, lo que convierte la

carrera humana en una sucesion consecutiva de saltos (Sanchez Lacuesta, 1999).
En la carrera es habitual utilizar la siguiente terminologia (Sdnchez Lacuesta, 1999):

e Zancada o ciclo de la carrera: Es la repeticion del contacto de un pie con el suelo
hasta el nuevo contacto del mismo pie con el suelo, por ejemplo, contacto del
pie derecho hasta el nuevo contacto del pie derecho lo que implica dos saltos.

e Apoyo: Es el periodo transcurrido en el que el pie estad en contacto con el suelo,

se divide en fases, inicio de contacto, apoyo medio e impulso.
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e Oscilacion: Es el periodo de avance de la extremidad, se divide en oscilacion
inicial, oscilacion media y oscilacion final.

e Salto: Es la distancia recorrida entre el apoyo de ambos pies que implica una fase
aérea.

1544454

Contacto inicial Apoyo medio Impulso Fase aérea Oscilacion inicial Oscilacion media  Oscilacion final
0% 0% a 30% 30% a 60% 60% a 70% 70% a 80% 80% a 90% 90% a 100%

Figura 1. Fases de una zancada de carrera y porcentaje (%) de duracion del total del ciclo en carrera a 2.5
m/s. Fuente propia.

En la Figura 1 se observa que al analizar un ciclo completo de carrera el periodo de apoyo
se divide en: contacto inicial (0% del ciclo), apoyo medio flexion de la rodilla (30% del
ciclo) e impulso extension de la rodilla (60% del ciclo), seguidamente se contempla la
fase aérea (70% del ciclo). La oscilacidn inicial (80% del ciclo) comienza con la flexion de
rodilla, la oscilacion media (90% del ciclo) aumenta la flexion de la rodilla y la oscilacion
final (100% del ciclo) extiende la articulacion de la rodilla, en consecuencia, en esta
oscilacidén final culmina con el contacto del pie de nuevo con el suelo y la finalizacién del

ciclo (Hespanhol et al., 2015).
Velocidad de transicion de la marcha a la carrera

Bramale & Lieberman, (2004), proponen que, al aumentar la velocidad de
desplazamiento durante el movimiento lineal, |la carrera es mas eficiente que el caminar
al utilizar los mecanismos de masa-resorte que intercambia energia cinética y potencial
gracias al efecto de tendones y ligamentos, en la flexién de la extremidad, almacena
energia de tensidon eldstica y posteriormente libera la energia en la extension de la
extremidad. La mayoria de los humanos cambian voluntariamente a correr

aproximadamente entre los 2,3y 2,9 m/s (Bramble & Lieberman, 2004).
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2.2. La carrera como actividad fisica

El ejercicio fisico tiene beneficios sobre la condicion fisica de la persona, favorece el
estado de salud contribuyendo a reducir la obesidad, influye positivamente sobre
enfermedades cardiovasculares, asi como en patologia como la diabetes, y colesterol.

(Blair, S. N., et al., 1989).

La carrera es una de las actividades mas usadas en los niveles mas altos de aptitud fisica
parecen retrasar la mortalidad por todas las causas, principalmente debido a las tasas
mas bajas de enfermedades cardiovasculares y cancer. Se ha podido constatar que el
correr se asocia significativamente a menor riesgo de mortalidad por causas de origen,
cardiovascular y cancer, comparado con grupos que no corren. Cualquier cantidad de

carrera, incluso una vez por semana, es mejor que no correr (Pedisic et al., 2020).

Hespanhol et al. (2015) llegaron a la conclusién mediante un metaanalisis que la carrera
de resistencia fue efectiva al proporcionar efectos beneficiosos sobre la masa corporal,
la grasa corporal, la frecuencia cardiaca en reposo, el VO, maximo, los triglicéridos y el
colesterol HDL en adultos fisicamente inactivos. Cuanto mayor es la duracidon del
entrenamiento aerdbico, mayores son los beneficios para la salud y sugieren que tanto
los médicos, como las autoridades sanitarias, pueden utilizar esta informacion para

aconsejar a las personas sobre los beneficios sobre la salud.

2.3. Lesiones deportivas por sobrecarga mecanica en la carrera
Sin perder de vista los beneficios para la salud que supone el caminar y correr, existe
preocupacion en la medicina deportiva por incremento de las lesiones en el sistema

locomotor, principalmente cadera, rodilla y pie (Dugan & Bhat, 2005).

Jauhiainen etal. (2020) evaluaron los datos cinematicos tridimensionales de las
articulaciones de la extremidad inferior a 291 corredores con lesién y sin lesion, los
resultados sugieren, en contra de la hipétesis de los autores, que la ubicacién de la lesidn
no estd relacionada con patrones cinematicos por el mal funcionamiento de la
extremidad inferior, sin embargo, observaron patrones de carrera comunes en todos los

corredores independiente de si tenian lesidn o no la tenian.
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Por lo general el corredor aficionado compite en esfuerzos esporadicos de alta
intensidad lo que le predispone a un mayor riesgo de lesiones (Altman & Davis, 2012),
entrena una media de 35-40 km/semana lo que implica aproximadamente dos millones
de impactos al afio. En cada impacto este corredor debe disipar una fuerza aproximada

dos veces y medio su peso corporal (Cavanagh & Lafortune, 1980).

Al contemplar estos datos, el corredor de larga distancia estd expuesto a lesiones por
sobrecarga de las extremidades inferiores con tasas de lesiones que van desde 19,4 % al

79,3 % (Malisoux et al., 2015; Van Gent et al., 2007).

La acumulacién de impactos repetitivos en los apoyos por debajo del umbral de lesién
aguda produce un efecto de fatiga que mantenida en el tiempo forma parte de las

lesiones por sobrecarga mecanica (Glauberman & Cavanagh, 2014).

Otra cuestion como factor de riesgo importante son los corredores que reanudan su
actividad después de una lesidn, estdn en riesgo mas elevado y deben prestar atencién

a medidas preventivas (Malisoux et al., 2015).

Se ha podido asociar con el desarrollo de microfracturas en la tibia con los altos indices
de carga (Glauberman & Cavanagh, 2014; Schaffler et al., 1989). Varias investigaciones
postulan aumento de picos verticales de impacto y altas tasas de carga en corredores
que habian padecido fractura por estrés de la tibia (Milner et al., 2006). En una revisién
sistematica, Zadpoor & Nikooyan (2011) apoyaron los resultados anteriores al afirmar
que las altas cargas verticales se relacionaban con fracturas por estrés en extremidades
inferiores. Sin embargo, otros estudios refieren que la zona mas afectada por lesiones
frecuentes en la carrera, se localizan en la rodilla, le sigue la pierna, el pie y la zona del
muslo, el dolor patelo-femoral, sindrome de la banda iliotibial, periostitis tibial, fascitis

plantar y tendinitis del Tendén de Aquiles son las mas referidas (Van Gent et al., 2007).

En un ensayo sobre el sindrome de estrés tibial (MTSS) los investigadores hallaron que
la eversién y abduccion del antepié y el retropié diferian entre sujetos con y sin MTSS al
correr (Okunuki et al., 2019). Ademas, los sujetos con MTSS tuvieron mayor abduccién
del antepié y eversion y abduccién del retropié durante la ejecuciéon que aquellos sin

MTSS. Por lo que concluyeron que para la prevencion y rehabilitacion de MTSS, puede
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ser importante dar un enfoque, no solo en la parte posterior del pie sino también, en la

cinematica del antepié al correr (Okunuki et al., 2019).

Actualmente las investigaciones no aclaran los factores predictivos de lesion en los
corredores populares, lo cual limita el conocimiento de los factores de riesgo y las

estrategias para la prevencion (Buist et al., 2010).

Nigg et al., (2017) propone un cambio de paradigma, segun sus trabajos de investigacion
no hay evidencia epidemiolégica o funcional concluyente que demuestre que la
pronacion en si misma sea la causa de lesidn, al ser un movimiento necesario y que, por

lo tanto, el paradigma de la pronacidon como causa de lesidn es cuestionable.

La evidencia prospectiva actual que relaciona las variables biomecanicas con el riesgo
de lesiones es escasa e inconsistente, y los hallazgos dependen en gran medida de la
poblacidon y las lesiones estudiadas. Se necesita investigacion futura para confirmar
estos factores de riesgo biomecanicos y determinar si la modificacidn de estas variables

puede ayudar en la prevencién y el manejo de lesiones (Ceyssens et al., 2019).

2.4. La ortesis plantar en las lesiones deportivas
Se ha relacionado el efecto de la ortesis de pie a la reduccidn de la eversion del retropié,
de modo que esto pueda asociarse con una reduccién del momento de aduccién de la

rodilla durante la primera fase de apoyo, mejorando la estabilidad de la extremidad

(Eslami et al., 2009).

Papuga & Burke, (2011) proponen en un estudio que el uso de OP mejoran las
condiciones de apoyo en atletas y estan siendo eficaces en el tratamiento de las lesiones
por sobrecarga mecanica vinculados con las variaciones estructurales del pie y sugieren
que el mayor efecto de la ortesis deportiva es en la fase de apoyo medio,
aproximadamente el 50% del apoyo del pie, condicionado por el movimiento axial de la
tibia.

La ortesis plantar deportiva a medida es un dispositivo externo que se utiliza en la planta
del pie junto al calzado deportivo aumentando asi el nivel de comodidad y
amortiguacion, por lo que deberian estar disenadas especificamente con la suficiente
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comodidad para mejorar la ruta preferida por el sujeto en su sistema nervioso durante
la carrera (Nigg etal., 1999). Nigg etal. (2017) proponen que el movimiento de
pronacion es un movimiento natural del tobillo donde el pie se mueve en flexién
eversion y abducciéon y por lo tanto la pronacién no debe ser siempre la causa de la

lesion.

Mindermann et al., (2003) comprobaron que la colocacién de OP redujo la eversiéon
maxima del pie y el momento de inversion del tobillo, modificando la carga vertical y
momento maximo de rotacion interna de la rodilla. Lack et al., (2014), mediante la
colocacién de ortesis anti-pronacién del pie, utilizadas durante la prueba, redujeron la
aduccion de cadera y la rotacion interna de la rodilla después del contacto inicial del pie

en individuos con pronacién severa.

Franklyn-Miller et al. (2011) evaluaron corriendo a cuatrocientos aspirantes a oficiales,
mediante registro en placa de presién de las presiones de sus pies. De las dos variables

los que utilizaron OP personalizadas redujeron la frecuencia de lesiones.

2.5. Asimetria en la carrera

Bache & Orellana (2014) definen la lateralidad como la preferencia sistematica de
utilizacion de uno u otro érgano par del cuerpo (ojos, oidos, manos, pies...) en las
actividades de la vida diaria y se trata de un fendmeno existente tanto en seres humanos

como en animales

Vagenas & Hoshizaki (1991) demostraron en un estudio que relacionaba la lateralidad
con las asimetrias anatdmicas del pie (rango de movimiento de la articulacién subtalar:
inversion, eversion, flexibilidad pasiva talo-calcanea y rango total de movimiento), que
existian asimetrias de fuerza (pico isocinético en la flexo-extensién de rodilla) entre la
pierna dominante y la contralateral en corredores de larga distancia. Estas asimetrias se
atribuian, factores biomecanicos y fisiolégicos (diferencias en la adaptacién
neuromuscular, activaciéon de unidades motoras y distribucion de las fibras rapidas y
lentas), por lo que la dominancia podria entenderse como una particularidad muy

asociada a la tarea en lugar de un fendmeno general para una extremidad completa.
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Gao et al. (2022) demostraron que la presién medial del pie del miembro dominante fue
mayor que la del miembro no dominante. El rango del indice de equilibrio del pie mostré
asimetria en las tareas de caminar y correr (indice de simetria absoluta <10%). No hubo
diferencia significativa en la masa muscular entre los miembros inferiores dominantes y
no dominantes (p = 0,79). La cuantificacién de las posibles diferencias y asimetrias
podria proporcionar implicaciones para la prevencién de lesiones en la marcha y el

disefio del calzado.

En la carrera de larga distancia es comun que las extremidades inferiores no impactan
en el suelo con la misma intensidad. Esto se debe a que generalmente se puede
distinguir un miembro inferior que actua como amortiguador y otro que actia como

propulsor (Viel, 2002).

Sadeghi et al. (2000) observaron diferencias funcionales entre ambas extremidades
probablemente relacionadas con la funcidn de cada miembro en tareas de propulsiony
control durante la marcha sin discapacidad. En los debates actuales sobre la simetria de
la marcha en personas sin discapacidad, se ha citado la lateralidad como explicacion de
la existencia de diferencias funcionales entre las extremidades inferiores, aunque varios
estudios no apoyan la hipdtesis de una relacién entre la simetria de la marcha y la
lateralidad. Se necesita mds investigacion para demostrar la asimetria funcional de la
marcha y su relacidn con la lateralidad, teniendo en cuenta aspectos biomecanicos de la

marcha.

Polk et al. (2017) comprobaron en sus resultados que los componentes GRF verticales, de
frenado y de propulsion eran gran medida simétricos, pero existian asimetrias
significativas en las fuerzas e impulsos maximos mediolaterales con componentes de
GRF dirigidos lateralmente mds altos y medialmente mas bajos generados por las

extremidades derechas dominantes.

2.6. Andlisis de la cinematica del pie mediante IMU

La cinematica del pie se refiere al estudio de los movimientos y posiciones del pie
durante un ciclo completo de carrera u otras actividades fisicas. Se centra en analizar los
diferentes componentes biomecanicos del pie, asi como, las articulaciones implicadas,

por un lado, las de soporte y amortiguacion: Subastragalina, Chopart, Lisfrancy, por otro
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lado, las articulaciones de movimiento que son: la del tobillo y las metatarsofalangicas

(Viladot Pericé, 2000).

Para procesar los datos del sensor inercial la colocacidn del IMU es importante. Autores
como Boutaayamou et al. (2015) utilizaron dos dispositivo IMU para el estudio del pie,
uno colocado en el talon de la zapatilla deportiva y el otro en la parte proximal del dedo

gordo, con ello determinaron parametros cinematicos de la extremidad.

Botzel etal.,, (2016) pudieron determinar que el contacto inicial del pie provocé
alteracion en ambos acelerdmetros de cada extremidad. El algoritmo de Matlab
identifico la sefial del giroscopio de manera confiable después de que el ruido de estos
datos hubiera sido eliminado por un filtro de retardo de fase cero de paso bajo de 20

Hz.

Trojaniello et al. (2014) presentaron un método, utilizando IMU, donde la velocidad de
la marcha no afectd sustancialmente su rendimiento. Las estimaciones de los
parametros espaciotemporales mostraron errores mas pequeiios que los informados en
estudios anteriores y un nivel similar de precisién y exactitud para los patrones de
marcha tanto sanos como patoldgicos. La combinacion de robustez, precisidon y

exactitud sugiere que el método propuesto es adecuado para el uso clinico habitual.
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CAPITULO 3. OBJETIVOS E HIPOTESIS.

La problematica actual se centra en el conocimiento limitado sobre la cinematica del pie
con sensores inerciales y el efecto de la ortesis plantar en corredores aficionados sanos.
Aunque existen estudios sobre este tema, aun se desconoce cémo se comporta el pie
durante la carrera en individuos sin lesiones o patologias especificas, si bien es cierto
gue se han realizado investigaciones sobre el uso de ortesis plantares en corredores con
lesiones o condiciones especificas, también es cierto que no hay suficientes estudios que
aborden como estas ortesis modifican la cinematica del pie en individuos sanos y dentro

de la normalidad.

3.1. Objetivos generales
1. Analizar la cinemdtica del pie mediante IMU en corredores aficionados sanos.
2. Determinar si existen asimetrias entre extremidades en las variables cinematicas
con y sin ortesis plantar.

3. Determinar el efecto de las ortesis plantares sobre la cinematica del pie.

3.2 Objetivos e hipotesis de cada uno de los estudios

ESTUDIO-I.

Objetivo 1. Realizar una descripcion cinematica del desplazamiento angular del pie
en los tres planos del espacio durante la carrera.
Objetivo 2. Determinar si existen diferencias en el desplazamiento angular entre
ambas extremidades.

Hipotesis 2. La hipdtesis nula establece que no habra diferencias en el

desplazamiento angular entre extremidades.
ESTUDIO-II.

Objetivo 1. Evaluar la amplitud de desplazamiento angular del pie de ambas
extremidades en 3D durante el periodo de apoyo en la carrera.
Hipétesis 1. La hipdtesis nula establece que no habra diferencias entre los pies

en el desplazamiento angular del pie en 3D en el periodo de apoyo.
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Objetivo 2. Evaluar el efecto de la OP sobre el desplazamiento angular del pie en 3D
en el periodo de apoyo durante la carrera.
Hipétesis 2. La hipdtesis nula establece que no existiran diferencias en el

desplazamiento angular del pie a favor de los OP.
ESTUDIO-III.

Objetivo 1. Describir la velocidad angular del pie en carrera de individuos sanos en
la condicion no-OP.
Objetivo 2. Determinar si existen diferencias en la velocidad angular entre pie
derecho e izquierdo con y sin OP.
Hipétesis 2. La hipotesis nula establece que no habra diferencias en la velocidad
angular entre pie derecho e izquierdo con y sin OP.
Objetivo 3. Determinar el efecto de la OP en la velocidad angular del pie en cada
uno de los ejes de movimiento del pie durante la carrera.
Hipétesis 3. La hipdtesis nula establece que no habra diferencias en la velocidad

angular del pie cuando se utilice OP.
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CAPITULO 4. MATERIAL Y METODO

4.1. Generalidades de la metodologia

Participaron en el estudio un total de 40 varones (43,0 + 13,8 afios) sin lesiones
locomotoras en el momento de la prueba. Las caracteristicas fisicas de los sujetos se
registraron mediante una escala de columna mecdanica con un medidor de altura (ADE,
Hamburgo, Alemania) (175,5 + 7,0 cm; 72,0 £ 5,5 kg). Todos ellos tenian experiencia y
kilometraje acumulado y ya estaban familiarizados con las OP desde hacia al menos un
ano. Se les informd de las condiciones del estudio y se firmd un consentimiento
informado previo a su participacién. Este estudio fue aprobado el Comité de Etica de la

Universidad de Vic (UVic-UCC, 09/2016) y sigui6 la Declaracion de Helsinki.

El procedimiento de andlisis se inicid con la colocacion de los sensores en el empeine de
la zapatilla deportiva, en cada pie. Esta es una IMU comunmente utilizada en podologia
y fisioterapia con un acelerémetro triaxial, giroscopio y magnetémetro (MotionPod 30
Hz, Grenoble, Francia). Ademas del sistema de cierre de velcro® suministrado, se utilizd
cinta adhesiva para fijar mejor el dispositivo y reducir las vibraciones. Los participantes
llevaban sus zapatillas habituales para correr, ya que se ha observado que los cambios
en la dureza de la zapatilla pueden afectar a la cinematica de las extremidades inferiores

(Fischer et al., 2017; Lussiana et al., 2013).

La configuracién predeterminada de fabrica se mantuvo en este estudio y, por lo tanto,
la frecuencia de muestreo fue de 30 Hz, la velocidad de carrera fue de 2,5 m/s. Los datos
sin procesar se filtraron utilizando la configuracién predeterminada de fabrica (BioVal—

RM Ingenierie, 2008; MPOD1, 2008).

Figura 2. Sensor Motionpod utilizado en el estudio
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Los sujetos realizaron una carrera de calentamiento de 3 minutos en una cinta de correr
(BH Fitness G6414V SPORT, Alava, Espafia) a 2,5 m/s (9 km/h) sin ninguna inclinacién
(medida con un nivel de burbuja). El calentamiento también permitié a los corredores
familiarizarse con la velocidad de la cinta y el entorno. Correr en cinta es representativo

de correr en el suelo (Fellin et al., 2010; Firminger et al., 2018)

Una vez finalizado el periodo de calentamiento, el participante descansd durante dos

minutos mientras se explicaba el resto del procedimiento y se calibraba el sensor.

Las IMU se calibraron de acuerdo con las instrucciones del fabricante (MPOD1, 2008).
En primer lugar, en el soporte de carga al inicio de la sesién vy, tras ser colocado en el
empeine, con el participante parado y erguido durante 3 s. Por lo tanto, en un sistema
de referencia relativo ortogonal triple, el eje vertical captura los movimientos de
abduccidon-aduccién (ABD-ADD) del pie, el eje longitudinal captura los movimientos de
inversion-eversién (EV-INV) y los movimientos de flexion dorso-plantar (F-DP) se

capturan en el eje medial-lateral.

Se realizaron dos mediciones de 20 s, la primera con los participantes con sus zapatillas
de correr habituales y la segunda con sus zapatillas de correr habituales y OP en ambos
pies, a una velocidad de 2,5 m/s para cumplir con los requisitos de frecuencia de
muestreo de la IMU (MPOD1, 2008). Los OP utilizados para cada participante fueron
aquellos que usaban regularmente y con los que ya estaban familiarizados. Siguiendo
las recomendaciones del fabricante de la IMU (MPOD1, 2008), la adquisicién de datos
se realizd durante 20 s después de que la velocidad de la cinta se estabilizara. Este
tiempo para garantizar la fiabilidad de los datos y evitar errores de medicion causados

por la integracion de datos a lo largo del tiempo.

El sistema de fabricacién de la OP consiste en un molde de yeso humedo de fraguado
rapido, adaptado a través de un sistema de colchdn de latex asistido por un sistema
neumatico. A continuacion, se realiza un patrdén de papel con la anchura y la longitud
del pie que se ajusta a una hoja de polipropileno (3 mm) y se calienta en un horno a
180°. Esto permite que el polipropileno se deforme y luego se ajuste al molde de yeso.

El mismo proceso se realiza con etileno-acetato de vinilo (EVA) (6 mm de espesor y
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dureza 30 Shore). El EVA se calienta hasta 802. Las formas de EVA y propileno se unen

con pegamento aprobado.

4.2. Origen de los datos de la tesis

Bioval (BioVal—RM Ingenierie, 2008) es un programa de captura de movimiento
tridimensional que comercializa la empresa RM Ingenierie (Rodez, Francia) con la
interfaz inaldmbrica (2.4 GHz con rango de transmisién de hasta 30 my 8 horas de uso).
Bioval fue concebido para proporcionar estudio cinematico del movimiento de un
segmento, o de varios segmentos del cuerpo humano en tiempo real y sin cable de
conexién que utiliza los sensores inerciales denominados MotionPod detallados

anteriormente.

Las funciones principales de este software son las de comparar series de ejercicios de
rehabilitacion con ejercicios previos y estimar la amplitud de movimiento en grados. Es
utilizado con frecuencia para aplicaciones biomecanicas, tales como la marcha y la

carrera como uso podoldgico especifico en consulta.
Procedimiento de obtencion de datos.

Siguiendo el procedimiento establecido por Bioval en su protocolo, los datos obtenidos
se procesaron de la siguiente manera. El primer registro fue con el calzado deportivo y
el segundo registro con calzado deportivo mas OP (Tabla 1), los datos quedaron
registrados en un fichero CSV (“Comma Separated Values”) en Excel. Bioval permite
diferenciar entre pie izquierdo y pie derecho. Se guardaron los datos de cada
participante en subapartados uno del pie izquierdo sin y otro subapartado con OP y

también del pie derecho sin y con OP.

En el Estudio-I se utilizaron los datos aportados directamente por Bioval de amplitud de

movimiento en ciclo completo.

En el Estudio-ll y Estudio-lll los datos se trasladaron y procesaron con Matlab para

determinar la amplitud en apoyo del pie y la velocidad angular del pie.
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Tiempo FLEX-D M FLEX-P ¥ ADD ™ ABD Y EV A INV
0 -0.0080874332 -0.008272325 -0.01314841
0.033 -0.001614698 -0.000608581 0.02351136
0.067 0.04625232 -0.0022.2534 -0.03470463
0.1 0.05340657 -0.01004707 -0.000954432
0.134 0.1005222 0.004585813 -0.002812434
0.168 0.05340657 0.005422238 0.008236715
0.201 0.07015056 0.007739278 -0.0002529785
0.234 0.06457957 0.00852782 0.0222801
0.268 0.08180248 0.01047812 0.007261555
0.301 0.1164572 0.02224988 0.008682665
0.335 0.1115287 0.01622182 -0.01798024
0.368 0.1264461 -0.000877285 -0.006796319
0.401 0.1014713 -0.01202144 -0.01368312
0.434 0.1336534 -0.02435783 -0.02242421
0.467 0.1612157 0.0128211 0.01368312
0.5 0.1421782 0.06121098 0.009084248
0.534 0.09453085 0.07470985 0.02758213
0.567 0.007729181 0.049713901 0.06381431
0.601 -0.08007326 -0.01762662 0.2311772
0.634 -0.2751259 -0.5049204 0.658507
0.668 -0.9456339 -3.924.668 0.6362455
0.701 -4.737.855 -1.087.685 2.158.647
0.735 -4.542843 -1.431.922 2.463.474

Tabla 1. Ejemplo de datos obtenidos en Excel aportados por el sensor en archivos .CSV.

Caso real con el nimero 1700 del pie derecho con calzado. La primera columna estdn los datos del tiempo. En la
segunda columna muestra los datos de FLEX-D y FLEX-P, la columna tercera muestra los datos de ADD-ABD vy la
columna cuarta los datos EV-INV. La flecha 1 indica en la curva de amplitud, trayectoria ascendente. La flecha {,

indica en la curva de amplitud, trayectoria descendente.
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Obtencion de los grados de amplitud en 3D en el periodo de apoyo.

Los datos se procesaron utilizando Matlab (Mathworks, Natick, MA, EE. UU.). Para cada
uno de los participantes el proceso fue el siguiente, tomando como referencia el
movimiento en el plano sagital F-DP, se determiné la fase de apoyo para cada paso, que
se encontraba entre los puntos de maxima y minima flexion plantar que es el periodo
de apoyo del pie. Asi, también se obtienen los puntos inicial y final de la fase de apoyo
de cada paso en los planos frontal y transverso. Posteriormente se realizd un ajuste
matematico para asegurar que en el F-DP la zona de meseta (apoyo medio) se
correspondiera con los 02 del movimiento, y las posibles desviaciones del sensor en los
movimientos de EV—INV y ABD- ADD, también ajustaron al inicio en 02. Esta amplitud
angular media de cada participante se obtuvo sumando los movimientos durante el
periodo de apoyo de cada zancada realizado dentro del periodo de recogida de datos de
20 s y dividiéndolos por el numero total de pasos y se pudo obtener las medias de

amplitud angular de los 40 participantes.
Obtencion de la velocidad angular en 3D.

Los datos se procesaron con Matlab (Mathworks, Natick, MA, EE. UU.). Para cada uno
de los participantes la velocidad angular en cada eje de F-DP, EV-INV y ABD- ADD se
determind calculando la amplitud media de cada movimiento a lo largo del tiempo. Esta
amplitud media de velocidad angular se obtuvo sumando los movimientos durante la
fase de apoyo de cada paso realizado dentro del periodo de recogida de datos de 20 sy
dividiéndolos por el nimero total de pasos, después se obtuvo la media de velocidad

angular de los 40 participantes.
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CAPITULO 5. PRESENTACION DE LOS ARTICULOS PUBLICADOS

5.1. ESTUDIO 1: Descriptive analysis of 3d foot motion using inertial

sensors: comparison between lower extremities.
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Objectives: The objective of this study is twofold, on the one hand, itis to make a kinematic description of the movement of the
foot in the three planes of the space and, on the other hand, to determine if there are differences between the lower extremities.

Patients and methods: The study is a descriptive, observational and cross-sectional one, with a sample consisting of 40
healthy adults who are also regular runners. The assessment protocol consisted of running on a treadmill at a speed of 9 km/h.
Data collection was carried out during the first 20 seconds, after which the speed of the treadmill was stabilized.

Results: In the dorsi-plantar movement, no significant differences between feet were found (p<0.37), whereas in the prona-
tion-supination movement and the abduction-adduction movement significant differences were found, especially in the right
foot (p <0.002 and p < 0.02 respectively). The size of the effect in the movement in the sagittal plane was found to be very small,
while in the frontal and transverse planes it increased to a medium effect.

Conclusion: During running, the foot follows a logical sequence of movements. While no significant differences exist in the
dorsi-plantar movements, in the pronation-supination and abduction-adduction movements the right foot was found to have a
bigger range of movement than the left foot.

Palabras clave: Resumen
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cinematica 3D,
movimiento del pie.

Objetivos: El objetivo del presente estudio es doble: por unlado, realizar una descripcion cinematica del movimiento del pie
en los tres planos del espacio y, por otro, determinar si existen diferencias entre ambas extremidades.

Pacientes y métodos: Se trata de un estudio descriptivo, observacional y transversal, con una muestra de 40 corredores
habituales, adultos sanos. El protocolo de valoracion consistio en carrera sobre cinta rodante a una velocidad de 9 km/h. La
recogida de datos se realizd durante 20 segundos, después de estabilizada la velocidad de la cinta.

Resultados: En el movimiento de flexion dorsal-flexion plantar no se observan diferencias significativas entre pies (p<0.37).
En el movimiento de pronacion-supinacion y en el de adduccion-abduccion si existen diferencias significativas, siendo mayor en
el piederecho (p<0.002y p <0.02 respectivamente). El tamafio del efecto es muy pequefio en el movimiento en el plano sagital,
mientras que en los planos frontal y transverso es un efecto mediano.

Conclusion: Durante la carrera el pie mantiene una secuencia logica de movimiento. Mientras no existen diferencias significa-
tivas en los movimientos de flexion dorsal-flexion plantar, en los movimientos de pronacién-supinacién y adduccién-abduccion
el pie derecho tiene mayor rango de movimiento que el pie izquierdo.
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INTRODUCTION

Inertial measurement units (IMU) are portable devices
which, by using acombination of accelerometers, gyroscopes
and magnetometers, can be used to determine kinematic
patterns carried out in any environment, including the real
environment of a runner, and are an alternative to the current
laboratory-based research'.

Due to their small size and wireless properties, IMUs allow
for the movement to be studied without restrictions. Some
studies have shown that they are able to detect the changes
in running biomechanics with precision and can help to deter-
mine injury factors due to mechanical overload*®. Avariety of
researchers have used accelerometers placed on the partici-
pant’s sports footwear to measure changesin running; Bouta-
ayamou et al.® validated the use of two accelerometers, fixed
on each shoe at the level of the heel and the proximal part of
the big toe, against a conventional three-dimensional (3D)
optical analysis system without finding significant differences
between the two methods.

Other studies have shown evidence for asymmetry of move-
ment during walking. For instance, Mayolas et al.” observed
an asymmetric walking behaviour, independent of the later-
ality of the subjects, in a child population. The results did not
reveal significant bilateral differences in the general plantar
pressure, but the majority of the children were found to not
only apply a higher pressure in the right hindfoot rather than
in the left hindfoot, but also to do so in the midfoot and left
forefoot rather than in the right forefoot.

In addition, Niu et al.® found that plantar pressure could
be used to evaluate the foot’s stability. In comparison to the
non-dominant side, the dominant foot was seen to be more
secure when in a single-foot stance due to the higher total
contact area. This was especially true in an ankle inversion
stance, due to a higher antero-posterior force ratio.

Thus, the scientific interest in the analysis of the foot move-
ment has been on the rise with the objective of reducing the risk
of injury and improving running efficiency and performance.
However, there is a lack of studies which attempt to describe
kinematic patterns with the use of IMUs. The objective of this
study is twofold. On the one hand, it is to make a kinematic
description of the movement of the foot in the three planes of
movement and, on the other hand, to determine if there are
differences between both extremities. The null hypothesis
establishes that there are no differences between feet.

PATIENTS AND METHODS

This is a descriptive, observational and transversal study
approved by the University of Vic — Central University of Cat-
alonia’s Ethical Committee, following the principles of the
Declaration of Helsinki.

The sample was composed by 40 male adults (ages 43 +
13.8 years, height 175.5 £ 7.07 cm, weight 72 + 5.5 kg) with-

Florenciano Restoy JL, et al.

outany alterations in their locomotor system. All of them gave
their written consent prior to the evaluation.

A running treadmill (BH Fitness G6414V SPORT, Alava,
Spain) was used to capture various running cycles. It has been
previously observed that running on a treadmill is represen-
tative of overground running®®.

Two IMU units, equipped with a triaxial accelerometer, gyro-
scope and magnetometer (MotionPod, size 31 x21Xx 15mm
and a weight of 14g, Grenoble, France), software BioVal
(RM Ingénierie. Rodez, France)'"'? and a wireless interface
(2.4 GHz, transmission range of up to 30 m, = 8 h of usage,
sampling rate of 30 Hz) were used to collect the data. The
data from the apparatus was transferred to a PC through a
USB device.

Each participant warmed up on the machine by running
for three minutes at 9 km/h (2.5 m/s) in order to familiarize
themselves with its speed and the environment.

Once the warming-up period was completed, the athlete
rested for two-minutes and the experimental procedure was
explained.

The sensor was placed in the instep of the subject’s foot-
wear using Velcro and secured with adhesive tape in order to
reduce the device’s vibrations (Figure 1).

Each participant wore their own footwear. It has been
observed that changes in midsole hardness affect lower-ex-
tremity kinematics'®. The same footwear had to be used in the
two evaluated conditions.

According to the manufacturer’s protocol, the subject had
to first remain still in an upright position for three seconds
whilst data from both feet was being registered.

After the preparation, each participant’s running was
recorded for 20 seconds at the same previous speed of
9 km/h. The data began being collected once the treadmill
had stabilised at the set speed.

Angular displacement data was measured between the
maximum and minimum angular points in the sagittal plane
(foot dorsi-plantar flexion), the transversal plane (abduc-
tion-adduction), and frontal plane (pronation-supination).
Explanatory note: The manufacturer introduces the concept
of pronation-supination when, in reality, based on the podiat-

Figure 1. Left: Image of the sensor used in this study. Right:
Initial position of the participant on the running treadmill, with
the sensor fixed on the footwear. Author’s source.

[Rev Esp Podol. 2021;xx(x):x-X]
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B B A

Figure 2. Left: Pronation movement of the foot. Line A
indicates the supination plane, and line B indicates the plane
of the ground. Right: Abduction movement of the foot. Line A
indicates the sagittal plane, whilst line B indicates the foot's
direction. Author’s source.

ric definition, it should be inversion-eversion. This is because
eversion is a movement on the frontal plane where the mid-
foot zone approaches the plane of the ground, and inversion
is a movement on the frontal plane where the midfoot zone
separates from the ground plane, whereas pronation is a tri-
plane movement of flexion, eversion and abduction and supi-
nation is a combination of inversion, adduction and plantar
flexion™ (Figure 2).

The data was exported to an Excel spreadsheet for further
analysis. Normality of the data was analysed using Shap-
iro-Wilk test. For the comparison of means, the Student’s
t-Test was performed with a confidence interval of 95%, rec-
ognizing those values with a p-value of less than 0.05 as being
statistically significant. The effect size of the results was cal-
culated using the Cohen test (d < 0.2 negligible, 0.2 <d < 0.5
small, 0.5 <d < 0.8 medium o d > 0.8 large effect)''®.

RESULTS

Extremities comparison

The results are displayed in Table |. The differences between
the amplitude mean of the left and right feet were found to
be insignificant in the flexion-extension movement (p <0.37,
with a d-Cohen effect being barely perceived). In contrast, the

differences between the amplitude mean in the latero-me-
dial movements (abduction-adduction) and in the prona-
tion-supination movements were statistically significant,
with p-values p <0.02 and p <0.002, and with medium effect
sizes of 0.48 and 0.55, respectively. The higher values were
observed in right foot.

Description of the curves

Figure 3 shows the angular displacement of the foot for a

running cycle in the three axes of movement.

- Dorsalflexion-Plantar flexion: The running cycle starts
on the point of maximum dorsal flexion, descending
towards the X axis and drawing a slight plateau shape
during the middle stance before turning into a plantar
flexion. In the swing phase, the transition to a flexion is
produced.

- Abduction-adduction: In the stance phase, at the
touchdown point, the foot is parallel to the X axis,
drawing a plateau shape during the middle stance and
descending into abduction during the impulse phase. In
the swing phase, the movement changes to adduction,
and this is maintained throughout the phase until the
touchdown (Figure 2).

- Pronation-supination: The touchdown begins at the
point of minimum pronation of the curve, ascending
towards the X-axis towards maximum pronation and
drawing a plateau shape during mid-posture. The curve
shows a discrete supination during the impulse phase.
In the swing phase, the pronation curve changes to
supination and the foot is positioned for the initiation of
contact.

DISCUSSION

The first aim of this study was to kinematically describe
the amplitude of the 3D movement of the left and right feet
in a complete running cycle. The curve analysis has led to
the observation that the foot movement follows a logical
sequence; that is, in the stance phase the start of the exten-
sion of the foot coincides with the start of pronation, the foot’s
stabilization occurs parallel to the X axis, and in the elevation
of the heel during the propulsive phase (leverage phase) the
foot carries out an abduction. In the swing phase, the foot

Table I. Mean and standard deviations of angular displacement for each extremity. Values in degrees (°).

*Statistically significant differences as p<0.05.

Left foot Right foot tS_ttL::fnt’s chct)Z:-tn’s
Dorsi-Plantar Flexion 949+12.5 93.8+13.5 p<0.37 0.07
Pronation-Supination 16.4+5.0 19.2+4.8 p <0.002* 0.55
Abduction-Adduction 22.4+7.5 26.4+9.0 p <0.02* 0.48

[Rev Esp Podol. 2021;xx(x):x-X]
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Figure 3. Graphic of the angular displacement of the foot in a running
cycle. The legend on the lower left indicates the direction of the movement.

Author's source.

combines flexion, inversion and adduction. Combining these
3D movements during the stance phase is crucial to establish
the unipedal balance, and in the swing phase, the combina-
tion of the 3D movements place the foot correctly for the start
of the new running cycle.

The second objective study was to assess whether differenc-
es between the movement of the feet were present. Although
the results of the study do not reveal significant differences
in the dorsi-plantar flexion, a bigger amplitude of movement
has been observed in the frontal plane with an eversion move-
ment more pronounced in the right foot. Therefore, the null
hypothesis could be rejected. This could suggest that since
the sagittal plane is the plane of reference, the alternation
of support between the feet does not alter the mechanics,
however, eversion movementis more pronounced in the right
foot, meaning that it tends to have higher degrees of inversion
at the start of contact than the left foot.

When it comes to the abduction movement, it is also more
pronounced in the right foot, which could suggest that high-
er pronation implies higher abduction too, since the foot is a
segment that does not execute pure movements but instead
carries out combined movements.

As a matter of fact, these movements are not pure, as men-
tioned before, but are instead combined, since the ankle joint
and the tarsal joints are mechanically associated through the
subtalar axis. Their oblique projection allows for the move-
ment of the tibia to be linked with the combination of move-
ments from the foot. For example, in a stance phase, the
internal rotation of the tibia generates a pronation movement
on the foot, and similarly an external rotation of the tibia leads
to a supination movement of the foot'"”.

We have not found any studies that compares angular dis-
placement mechanics between the limbs, although other
studies have found differences between extremities using
other types of mechanical variables. Cowley'® analysed the
change in height of the navicular bone in 30 runners (12
women and 18 men) after running 21 km, and found a signif-
icant lowering of the foot arch in both feet (4.2 mm in the left
foot and 5.0 mm in the right foot). The study thus showed a
change in foot posture, with a descent of the medial arch (this
effect being more pronounced in the right foot) but did not
explain the reasons for this change.

Stodélka et al.'® examined the level of bilateral symmetry
between the trajectory of the centre of pressure (CoP) of the
left and right feet in the lateral-medial and antero-posterior
directions. On the one hand, it was observed that 88% of the
participants displayed symmetry in both feet for the magni-
tude and direction of the antero-posterior trajectory of the
CoP, butonthe other hand, asymmetry was observed in 67%
of the participants for the latero-medial trajectory; CoP dis-
placement was noted along the lateral limit of one foot and
along the medial limit of the other. Similarly, Muntanyola®®,
inastudy on 663 subjects, discovered that the displacement,
range and velocity of the CoP in the antero-posterior axis were
bigger than in the latero-medial axis, and the majority of the
subjects also showed a higher pressure on the right foot.

Rai et al.?' registered footprints in 66 subjects, with and
without a pathology, using an electronic pedobarograph. The
results showed an asymmetric distribution of the plantar pres-
sure in the right and left feet of the subjects without a patholo-
gy (17 % had the same pressure on both feet, 7 % had higher
pressure on the left foot, and 76 % pressure on the right foot).

[Rev Esp Podol. 2021;xx(x):x-X]
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Thus, it seems that scientific evidence exists where cer-
tain values have been found to be significantly different or
higher in the right foot compared to the left foot. The results
presented in this study also seem to support this trend. It
is of our thinking that the condition of laterality must have
some influence in this. For instance, Hardyck?? suggest-
ed that a preference on the use of the left hand, ranging
from moderate to strongly left-handed, would be found on
approximately only 10 % of the population. Nevertheless, a
left-handed population should be studied before this link can
be confirmed.

We regard that this pattern of movement should be consid-
ered to be normal, althoughiitis true that any deviation from the
averages observed in the movements in the frontal and trans-
verse planes, would be susceptible to generate imbalances
and, consequently, pathology in the locomotive system.

One limitation of our study was that we did not evaluate nei-
ther the laterality nor lateral dominance of the subjects, two
different concepts following Carpes et al.?, not being able to
know if the differences observed are due to the predominance of
right-handed or right-leg dominant population. Further studies
are needed to assess correlation between kinematics and lateral
dominance. Itis also suggested to increase the number of sub-
jects to corroborate and validate these results.

In conclusion, the results obtained in the present study
did not show statistical significant differences in the range of
motion between both feet in the sagittal plane, while significant
differences were found in the frontal and transverse planes. Dif-
ferences are more noticeably on the right right footinasamlpe
of normal healthy runners. This study show a logical kinematic
pattern in the movement of the foot and, despite the asymme-
try observed between limbs, the values for this running speed
must be considered to be normal.
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Abstract: The objectives of this study were to determine the amplitude of movement differences
and asymmetries between feet during the stance phase and to evaluate the effects of foot orthoses
(FOs) on foot kinematics in the stance phase during running. In total, 40 males were recruited
(age: 43.0 & 13.8 years, weight: 72.0 + 5.5 kg, height: 175.5 + 7.0 cm). Participants ran on a running
treadmill at 2.5 m/s using their own footwear, with and without the FOs. Two inertial sensors fixed
on the instep of each of the participant’s footwear were used. Amplitude of movement along each
axis, contact time and number of steps were considered in the analysis. The results indicate that the
movement in the sagittal plane is symmetric, but that it is not in the frontal and transverse planes.
The right foot displayed more degrees of movement amplitude than the left foot although these
differences are only significant in the abduction case. When FOs are used, a decrease in amplitude
of movement in the three axes is observed, except for the dorsi-plantar flexion in the left foot and
both feet combined. The contact time and the total step time show a significant increase when FOs
are used, but the number of steps is not altered, suggesting that FOs do not interfere in running
technique. The reduction in the amplitude of movement would indicate that FOs could be used as a
preventive tool. The FOs do not influence the asymmetry of the amplitude of movement observed
between feet, and this risk factor is maintained. IMU devices are useful tools to detect risk factors
related to running injuries. With its use, even more personalized FOs could be manufactured.

Keywords: running; kinematics; inertial measurement unit (IMU); foot orthoses; asymmetry

1. Introduction

Interest in the analysis of the foot strike pattern (FSP) has increased due to its associa-
tion with a reduced risk of injury [1-3]. Furthermore, running gait pattern (GP) analyses
can be used for injury prevention and treatment, as well as in performance enhancement [4].
GP and FSP have been analyzed using a variety of methods, such as two-dimensional
(2D) video analysis, three-dimensional (3D) video analysis, center of pressure and force
plate [5-8]. The 3D motion analysis system with cameras is considered to be the “gold
standard”, but this system is expensive and complicated to use, requiring a set of reflective
markers located on the appropriate reference points to be able to calculate the desired
parameters [3,5,9].

Nowadays, there is a growing interest in evaluating GP and FSP in environments
outside of the laboratory, and inertial measurement units (IMUs) are an interesting option to
do so due to their reduced size and wireless properties [10]. An IMU sensor is the wearable
device that will be used in our experiments to calculate the dorsi—plantar flexion (D-PF), the
abduction—-adduction (ABD-ADD) and the eversion—inversion (EV-INV) movements of the
foot, using a combination of data from a triaxial accelerometer, a gyroscope and a triaxial
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magnetometer. The IMU sensor devices have attractive features such as low cost, low power
consumption and overall simplicity in their use, and allow for the continuous monitoring
of the subject’s daily activities, such as walking or running, either on a treadmill, or in real
environments [10,11], but they also suffer from some disadvantages such as interference
or measurement errors that must be taken into account. IMU devices have been used to
determine gait kinematic changes when running [3,11-19], and several research studies
have evaluated the reliability of IMU devices. For example, Boutaayamou et al. [12]
validated the use of accelerometers, fixed on each shoe at the level of the heel and the
proximal part of the big toe, against a 3D optical analysis system. Giandolini et al. [13]
compared the use of accelerometers, placed on the external faces of the shoes at the heel
and metatarsal levels, with the use of 2D video analysis. They compared the time between
heel and metatarsal accelerations, as well as the foot strike angle, and it was determined
that the method is reliable for a wide range of velocities. Sinclair et al. [17] concluded
that accelerometers placed on the distal tibia can be used to precisely detect events during
walking. Finally, Shiang et al. [19] used two IMUs (one accelerometer and one gyroscope)
on the upper part of the shoe to determine the foot strike angle during running and found
a significant correlation between the strike angle and the sagittal plane angles, which were
acquired from a 3D system.

Running is the natural evolution of gait when increasing the velocity of movement. A
stride can be divided into a stance phase, which occurs between foot strike and toe off, and
a swing phase, which includes the double float, and the stance phase of the contralateral
limb [4]. Running is one of the most popular physical activities, but it is also an activity
with relatively high injury rate, with an estimation of one injury per year in 50% of all
runners [20]. It is well known that injury occurrence is multifactorial [21], and, in running,
there are several predisposing risk factors including: increased vertical ground reaction
force relative to walking (2.2 times body weight after heel contact in running compared
to 1.1 times body weight during walking) [4], long running distances, history of previous
injury, cavus feet, muscle weakness, excessive supination during stance phase and bilateral
asymmetry [20-23]. Previous references have highlighted that having a limb asymmetry
greater than 15% is associated with an increased incidence of injury in both athlete and
non-athlete populations [24,25].

Athletic foot orthoses (FOs) are shoe inserts that replace the removable stock insole.
They have proven to be effective as a treatment for sport-related injuries and health
diseases [20,26-29]. For example, Miindermann et al. [27] ascertained that the use of FOs
reduced the maximum foot eversion and the ankle inversion moment, modifying the
vertical loading rate and the maximum knee external rotation moment, and Lack et al. [28],
through the placing of anti-pronation FOs, observed a significant decrease in hip adduction
and in the internal rotation of the knee after the foot strike in subjects with severe pronation.
Furthermore, Brognara et al. [29] observed that foot plantar stimulation using a 3D-printing
insole generated more stable walking pattern in Parkinson’s disease patients.

It has also been observed that FOs could be a part of the armor in the prevention of
running injuries [20,30,31]. For example, Franklyn-Miller et al. [31] evaluated foot pressures
in four hundred aspiring military officers when running using pressure insoles. Out of the
two groups, the subjects in the group who used personalized foot orthoses reduced overall
injuries and stress fractures but not soft-tissue injuries. All of the studies referred analyzed
parameters that are produced in the stance phase of the gait, so this is the phase chosen for
analysis in the present study.

Healthy gait is assumed to be symmetrical, but asymmetries often exist [23,32]. Vage-
nas and Hoshizak [23] suggested that running shoes could significantly decrease the degree
of rearfoot asymmetry, but no study has been found on the effect of FOs over the asymmetry
of running.

Most articles focus on analyzing the effect of FOs from the perspective of injury [20,26-29],
but this article does so from the perspective of non-injury and, therefore, prevention. The aim
of this study is twofold: (1) to determine kinematic differences and asymmetries between
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feet during stance phase; (2) to evaluate the effects of FOs on foot kinematics. For the first
objective, it is hypothesized that the kinematics of the foot will be symmetrical, and for the
second objective, it is hypothesized that there will be no differences in foot motion when FOs
are used.

As far as we know, this kind of study has never been conducted before with such a
considerable number of subjects. Hence, the obtained results are highly useful and will
allow us to have a deeper knowledge of the GP and the real effects of FOs in the stance
phase of the stride.

2. Materials and Methods

This is a quantitative observational study following STROBE methodology [33].

The sample was composed by 40 male adult participants (age 43.0 £ 13.8 years; height
175.5 £ 7.0 cm; weight 72.0 &+ 5.5 kg), regular amateur runners, that had been using FOs for
at least one year. None of the subjects presented any alterations in their locomotor system.

All the subjects were informed of the conditions of the study and signed an informed
consent prior to their participation. All the tests were non-invasive and followed the
principles of the Declaration of Helsinki [34]. The study was approved by the University of
Vic—Central University of Catalonia’s Ethical Committee (UVic-UCC, 09/2016).

2.1. Data Acquisition Procedure

Two IMUs, equipped with a triaxial accelerometer, a gyroscope and magnetometer
(MotionPod, sampling rate of 30 Hz, size 33 x 22 x 15 mm, a weight of 14 g, Grenoble,
France), along with a wireless interface (2.4 GHz, transmission range of up to 30 m, ~8 h
of usage, Grenoble, France) were used to collect the data. The software used was Logiciel
Medical (RM Ingenierie, Rodez, France) [35,36]. This is a commonly used IMU in podiatry
and physical therapy, with factory default settings. It has been shown to have the potential
to assess movement and coordination variability between and within individuals from
joint angle measures in swimming and limb orientation time-series data in climbing [37].

The analysis procedure started with the placing of the sensor on the instep of the
subject’s sports footwear, using Velcro, which was then secured with adhesive tape to
reduce vibrations in the device. Each participant brought their own footwear that they
used regularly for running. It has been observed that changes in the hardness of the sole of
the shoe can affect the kinematics of the inferior extremities [38,39]. The same footwear
had to be used in the two evaluated conditions.

Each participant carried out a warm-up run on the running treadmill (BH Fitness
G6414V SPORT, Alava, Spain) by running for three minutes at 2.5 m/s (9 km/h) without
any inclination (measured with a bubble level) to familiarize themselves with the machine
speed and the environment. It has been previously observed that running on a treadmill is
representative of overground running [40,41]. Once the warm-up period had been com-
pleted, the participant rested for two minutes, and the rest of the experimental procedure
was then explained.

According to the manufacturer’s protocol and instructions, the participant first re-
mained still and upright for 3 s while the sensor was being calibrated. Thus, in a triple
orthogonal relative reference system, the vertical axis collects the ABD-ADD movements of
the foot, the longitudinal axis collects the EV-INV movements, and the D-PF movements
are collected in the medio-lateral axis (Figure 1).

Considering that the transition between walking and running occurs at approximately
2.2 m/s [4], a low running speed of 2.5 m/s was chosen to meet the IMU sampling rate
requirements. Consequently, two runs at 2.5 m/s were carried out, the first one with the
subjects using their regular sports footwear and the second one wearing their regular sports
footwear and FOs. As the effects of the FOs are mechanical and the acquisition time of
the IMUs was 20 s, it was decided not to randomize the tests as it is considered that there
is no familiarization effect in the run. Furthermore, we must take into account that the
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runners included, although recreational, have experience and accumulated mileage, and
are already familiar with the FOs.

Figure 1. (Left): position of the sensor attached to the instep of the running shoe. The triple
orthogonal system represented by the arrows indicate the dorsi—planar flexion (red), abduction—
adduction (blue) and eversion-inversion (green) movements. (Right): type of FOs used with the
polypro-pylene and the EVA layers.

Following the IMU manufacturer’s recommendations, data acquisition was performed
for 20 s after the treadmill speed stabilized. This time is guaranteed by MotionPod to ensure
data reliability and avoid measurement errors caused by data integration over time [35].
The initial steps when transitioning between stationary and running phases, as well as the
deceleration steps at the end, were discarded.

The manufacturing system of the FOs was that of thermoforming, with adaptation
through a vacuum chamber. In the structure of the foot support, the thermoplastic material
Polypropylene (3 mm) was used, and the cushioning material placed on the Polypropylene
was Ethylene-Vinyl Acetate (EVA) of Shore 30 hardness (Figure 1).

2.2. Data Processing

The data was processed using Matlab (Mathworks, Natick, MA, USA). Taking the
movement in the sagittal plane (D-PF) as a reference, the stance phase was determined for
each step, which lies between the points of maximum and minimum plantar flexion. Thus,
the starting and ending points of the stance phase of each step in the frontal and transverse
planes are also obtained.

Subsequently, a mathematical adjustment was carried out to ensure that in the D-PF,
the plateau zone (mid-stance) corresponded with the 0° of the movement, and the possible
deviations of the sensor in the movements of EV-INV and ABD-ADD were also corrected,
adjusting the start at 0°. The swing phase was discarded in this study (Figure 2).
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Figure 2. (Left): angular displacement of the foot as a function of the percentage of the running cycle.
(Right): stance phase segmentation graph where A indicates the start of contact, B corresponds to the
mid-stance (stabilization), and C indicates the end of the stance. Legend: D-PF indicates dorsi-plantar
flexion, ABD-ADD indicates abduction—-abduction, EV-INV indicates eversion—inversion.
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2.3. Data Analysis

The mean amplitude of maximum movement for each one of the axes and conditions
was determined for the data analysis through the following functions:

Mo fi N a N .
ft) = Zl%f’(t) alt) = Zl%l(t) B(t) = E%Pz(t) @

where f;(t), a;(t) and p;(t) are the functions representing the time evolution of the move-
ment for D-PF, ABD-ADD and EV-INV movements, respectively; N refers to the number
of steps taken by each subject during the 20 s of data collection.

Moreover, in the analysis between extremities, the asymmetry percentage was ana-
lyzed using Equation (2) [42]. This equation is considered to be accurate for the calculations
of asymmetries in unilateral tests [43].

Asymmetry — —100 Mimimum value 4 o, 2)
maximum value

Matlab was used for the statistical analysis. Data normality was analyzed through the
Kolmogorof-Smirnov test was assessed before doing the main test. The differences between
the conditions were evaluated using a paired sample mean test (T-Student), confidence
interval and the level of significant alpha were set at 95% and 0.05, respectively. To allow
for a better interpretation of the data, the effect size (d-Cohen) was carried out with the
following criteria: d < 0.2 negligible, 0.2 < d < 0.5 small effect, 0.5 < d < 0.8 medium

effect, 0.8 < d large effect [44—46].

3. Results
3.1. Comparison between Feet

When comparing the kinematics between the feet (Table 1), it can be observed that
the left and right feet present, on average, the same degrees of amplitude of movement in
the sagittal plane (D-PF); in tenths of degrees, the right foot displays a smaller amplitude,
although this difference is not statistically significant (p = 0.76), and the size of the effect is
practically negligible (d = 0.05). In the frontal plane (EV-INV) and the transverse plane
(ABD-ADD), the right foot exhibits slightly larger amplitude of movement values. These
differences are not statistically significant for EV-INV (p = 0.09), but they are significant for
ABD-ADD (p = 0.03). The size of the effect is small for both movements (d-EV-INV = 0.28;
d-ABD-ADD = 0.37).

Table 1. Means and standard deviations of the angular displacement of each one of the extremities
for each axis of movement.

Left Right Asymmetry p-Value  d-Cohen
Dorsal-Plantar Flexion 96.6 £13.5 962+ 147 6.2+ 52 0.76 0.05
Eversion-Inversion 12.2 £ 3.8 1336 £39 319 +182 0.09 0.28
Abduction—-Adduction 213+74 25.4 +9.8 21.7 +14.5 0.03 * 0.37

Values for the angular displacement for each left and right leg in degrees. Values of asymmetry as a percentage.
* Indicates statistically significant differences between angular values in the right and left legs (p < 0.05).
3.2. Comparison between Footwear with and without FOs

The data relating to the amplitude of movement, the time and the number of steps
are presented in Table 2. The values are separated between the right foot, left foot and
both feet.
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Table 2. Angular displacement, time variables and number of steps in each of the extremities (individually and for both
feet) for each axis of movement.

Footwear Orthoses (FOs) Difference p-Value d-Cohen
Dorsi—plantar flexion (°) 96.6 £ 13.5 97.2+12.1 0.62 1 0.42 —0.13
Eversion-Inversion (°) 122 £ 3.8 115+ 3.8 -0.77 | 0.02* 0.37
Abduction-Adduction (°) 213+74 19.5 + 6.9 -1.76 | 0.06 0.30
Left Contact time (ms) 454 4+ 41 459 + 39 57 0.01* —0.42
Total time (ms) 730 £ 54 736 £ 53 671 0.01* —0.40
Number of steps 149 +15 148 +14 0.1= 0.44 0.12
Dorsi—plantar flexion (°) 96.2 +£14.7 96.1 + 13.5 —0.06 | 0.94 0.01
Eversion-Inversion (°) 134 £ 3.9 13.2£39 -017 ] 0.75 0.05
Right Abduction-Adduction (°) 254 +9.8 234489 —2.014 0.05 0.32
Contact time (ms) 455 + 42 461 + 40 61T 0.01* —047
Total time (ms) 730 £ 55 736 £53 671 0.01* —0.39
Number of steps 152+1,3 15.0£13 02= 0.04 * 0,34
Dorsi—plantar flexion (°) 96.4 +14.2 96.7 £129 0.28 1 0.60 —0.06
Eversion-Inversion (°) 128 £3.9 123 £4.0 047 | 0.13 0.17
Abduction-Adduction (°) 233+9.0 215+ 82 1.89 | 0.01* 0.31
Both Contact time (ms) 454 + 42 460 + 40 61 <0.01* —045
Total time (ms) 730 £ 55 736 £ 53 61 <0.01* —0.40
Number of steps 150+14 149 +1.3 0.1= 0.05 0.22

Mean and standard deviation for the variables. * Indicates statistically significant differences (p < 0.05).

It can be observed that the FOs decrease the values for the movement amplitudes,
with the exception of the D-PF in the left foot and in both feet, which increase by a few
tenths of a degree. This reduction in the amplitude of movement is statistically significant
for the EV-INV in the left foot (p = 0.02) and for the ABD-ADD in both feet (p = 0.01).
The size of the effect of the FOs is either negligible or small in both cases.

The differences in the time variables lie between 5 and 6 ms, significantly incrementing
when the FOs are used. The number of steps is kept at a stable value for footwear with or
without FOs.

The asymmetry between the extremities when FOs are used is of 5.3 & 0.8% for D-PF,
24.8 £ 16.1% for EV-INV and 34.8 £ 18.2% for ABD-ADD. Here, no statistically significant
differences are present in any case with the condition of the footwear without FOs (p = 0.07
for D-PF, p = 0.21 for EV-INV, p = 0.34 for ABD-ADD).

4. Discussion
4.1. Comparison between Feet

The null hypothesis established that there would be no differences between the feet in
terms of the mean amplitude of movement.

The results (Table 1) indicate that the movement in the sagittal plane is symmetric, but
not in the frontal and transverse planes. The right foot presents more degrees of amplitude
of movement than the left foot in both IN-EVE and ABD-ADD, although these differences
are statistically significant in the ABD-ADD case. These differences in foot kinematics are
evidenced by the asymmetry percentages of IN-EVE and ABD-ADD of 21.7% and 31.9%,
respectively.

Previous references have highlighted that presenting asymmetry between extremities
that are bigger than 15% is associated with a higher incidence of injury, both in the athlete
and non-athlete populations [24,25]. Then, the D-FP movement shows an asymmetry
between extremities (6.2%) that is within the normal values, but the ABD-ADD and EV-
INV show asymmetries that would represent a possible injury risk factor.

It is necessary to understand that the movements of the foot are not pure but combined.
Thus, the pronation movement is carried out on three planes simultaneously: dorsal flexion,
eversion and abduction. Similarly, the supination movement is carried out on the plantar
flexion, inversion and adduction planes [47]. It has been observed that the eversion
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movement of the foot is present from the start of the stance phase until the beginning of
the mid-stance, whereas the abduction movement is present from the mid-stance phase
until the beginning of the swing phase. The start of the plantar flexion curve coincides with
the start of the eversion and abduction curves. However, at the start of the contact, the
plantar flexion and eversion curves present a larger slope than the abduction curve does,
indicating that the movement is executed more quickly and that, therefore, the degree of
eversion is directly proportional to the degrees of inversion before the start of the contact.
Consequently, a bigger eversion is equivalent to a bigger abduction.

We have not found a study that compares the mechanics between extremities through
the evaluation of the angular displacement. Nonetheless, other studies have also found
differences between extremities using other types of mechanical variables. For example,
Polk et al. [32] obtained gait asymmetries through the analysis of ground reaction force
(GREF). They observed that vertical GRFs were very symmetrical, whereas there were
significant asymmetries in the maximum mediolateral forces and impulses towards the
dominant right limbs. In our study, the differences in lateromedial movements are also
greater in the right foot, but we did not evaluate the laterality nor the lateral dominance of
the subjects, which are two different concepts Carpes et al. [48] As a result, it cannot be
known whether the observed differences are due to the predominance of the hand or to the
dominant leg.

Cowley [49] analyzed the change in height of the medjial foot arch after a 21 km run in
30 runners (12 women and 18 men), taking the navicular bone as a reference, and found a
significant decrease in the foot arch in both feet (4.2 mm in the left foot, 5.0 mm in the right
foot). Therefore, the study showed a change in posture of the foot, with a decrease in the
medial arch, which was, again, more pronounced in the right foot, but did not give reasons
for these changes. Stoddtka et al. [50] examined the level of bilateral symmetry between the
trajectory of the center of pressure (CoP) of the right and left feet in the latero-medial and
antero-posterior directions. On the one hand, it was observed that 88% of the participants
displayed symmetry of the left and right foot for the magnitude and direction of the
antero-posterior trajectory of the CoP, but on the other hand, asymmetry was observed
in 67% of the participants for the latero-medial trajectory; CoP displacement was noted
along the lateral limit of one foot and along the medial limit of the other. Similarly,
Montafiola [51] discovered, in a study on 663 subjects, that the displacement, range and
velocity of the CoP in the antero-posterior axis were bigger than in the latero-medial axis,
and most of the subjects also showed a higher pressure on the right foot. On the other
hand, De Carvalho et al. [52] obtained larger pronation values in the left foot than in the
right foot in a male population using the foot posture index (FPI-6).

Rai et al. [53] registered footprints in 66 subjects, with and without a pathology, using
an electronic pedobarograph. The results showed an asymmetric distribution of the plantar
pressure in the right and left feet of the subjects without a pathology (17% had the same
pressure on both feet, 7% had higher pressure on the left foot and 76% had higher pressure
on the right foot).

In the rehabilitation of injuries, it is common to use the values of the contralateral
leg as reference values. Nevertheless, data shown in the present study indicate that
asymmetries in the kinematics of movement in non-injured people exist, supporting the
results presented by Vagenas and Hoshiza [23] and Polk et al. [32]. Radzak et al. [54] also
observed asymmetry in the angular values of the ankle, knee and hip in healthy subjects,
as well as Gao et al. [55], who found asymmetry in the plantar pressure of the dominant
extremity (the right extremity in all the subjects).

In summary, the asymmetry in the kinematic variables between the extremities during
running can be seen in healthy subjects, which means that quantifying the possible dif-
ferences and asymmetries could have implications in preventing injuries during walking,
running and in the design choice of footwear.

It has been suggested that sidewalk running has greater kinematic variability than
treadmill running [10], so it would be interesting to see, in further studies, whether these
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results hold outdoors in less cyclical and more variable conditions or whether they are even
amplified. The technology used in this study could also be used to assess this, although a
higher frequency of capture would be required.

4.2. Comparison between Footwear with and without FOs

The null hypothesis established that there would not be differences in the movement
of the foot in favor of the FOs.

The results indicate (Table 2) that FOs decrease the amplitude of movement in the
three axes, except for the D-PF in the left foot and both feet combined. For the D-PF
movement, the differences are neither statistically significant in any of the two feet nor are
they statistically significant when analyzing both feet combined. These results should be
considered when talking about runners with functional hallux limitus as the FOs would
further reduce the dorsiflexion of the first metatarsal. The less this movement, the more the
foot is forced to take off in adduction [56].

The data obtained suggest that the FOs reduce the amplitude of movement of the
EV-INV and ABD-ADD movements in both feet, although there is no significant difference
agreement. If the number of subjects were to be increased, higher differences in these
amplitudes of movement could probably be found. It is suggested that tendency is talked
about instead of definite trends. Excessive supination during the stance phase has been
observed as a risk factor for running injuries [20]. Therefore, a reduction in the amplitude
of movement would reduce supination indicating that FOs could be used as a preventive
tool. This is in accordance with Franklyn-Miller et al. [31] who found that the use of
the personalized FOs reduced the frequency of injuries in a group of military officials
undergoing training.

These results are in line with those observed in other studies [27-29,57,58]. For
instance, Miindermann et al. [27] observed that the use of the FOs reduced the maxi-
mum foot eversion, while Lack et al. [28] observed a reduction in the hip adduction and
in the internal rotation of the knee after foot strike in patients with severe pronation.
Nawoczenski et al. [57] found that the use of FOs reduced the internal rotation of the tibia
in the transverse plane.

While the present study did not evaluate the internal rotation of the tibia, we know that
the tarsal joints (subtalar and transverse tarsal) connect with the tibia through the subtalar
axis [58], which implies that the eversion of the foot (mid-stance phase) leads to internal
rotation of the tibia. If we consider that in the mid-stance phase the action of the internal
retro-malleolar muscles (especially the tibialis posterior) and the external retro-malleolar
muscles (especially the peroneus longus) is eccentric, and that these muscles are responsible
for the stabilization of the ankle in eversion and abduction, then the observed reduction
could suggest a decrease in the activity and an increase in the efficiency of these muscles.
Consequently, we suggest that by controlling this eversion mechanism, the internal rotation
of the tibia could also be reduced. Moreover, the abduction movement is mainly produced
in the impulse phase; therefore, reducing abduction would facilitate the impulse phase and
with it, concentric muscle contraction of the aforementioned retro-malleolar muscles.

It has also been found in the literature that the use of FOs modifies other variables
which have not been analyzed in this study. For example, Agak [59] compared the efficiency
of personalized vs. prefabricated FOs and concluded that the individually designed FOs
had a beneficial role in the normalization of the forces acting on the foot and improved the
physical performance parameters of people with flat feet.

In the present study, the type of footprint (neutral, pronation and supination) of the
subjects was not addressed, potentially masking, for example, a larger difference for the
subjects with flat feet as Acak suggests [59]. Future studies could explore this issue.

The contact time and the total stride time present a significant increase when FOs are
used. The differences, however, are, on average, 6 ms and do not affect the step frequency
since the number of steps of the subjects analyzed did not change significantly with or
without the use of the orthoses. These data suggest that the step length, which is directly
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proportional to the running velocity and inversely proportional to the step frequency,
was also not modified. This is interesting, as even though FOs can modify the intrinsic
kinematics of the foot, they do not interfere with the running technique.

Regarding asymmetry, it has been found that the kinematic changes occurred in both feet
and that FOs had no effect on minimizing this risk factor. This is something novel which has
not been described so far in the scientific literature. It is true that by varying the mechanics
of the foot, the mechanics of the ankle, knee and hip are also affected [27-30,57,59], but this
opens a new line of research in the fields of podiatry and sport medicine, which could lead to
reducing the asymmetries found by personalizing the FOs even more.

5. Conclusions and Future Work

Based on the results of this study, we can conclude that (1) asymmetry is observed
between the feet in the frontal and transverse planes, showing that the right foot has more
degrees of amplitude of movement than the left foot. (2) There is a tendency for the FOs
to reduce the amplitude of movement in the frontal and transverse planes, but not in the
sagittal plane. (3) The kinematic changes observed using the FOs did not interfere with
the technique of the run. (4) FOs do not influence the asymmetry of the amplitude of
movement observed between the extremities, as the kinematic changes are produced in
both legs.

IMU sensors are a good alternative for the study of locomotor system movement and
can provide valuable data in a simple way. Moreover, IMU devices are useful tools to detect
risk factors related to running injuries. Their generalized use would allow the manufacture
of even more personalized and individualized FOs.

We are already now working on the collection of new data to expand our current
sample of data and to determine if the preliminary results found can be confirmed. These
new data are being collected for all the subjects and are related to their laterality and lateral
dominance to be able to go more in depth in the subsequent analysis of the data.
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Abstract: There is some uncertainty regarding how foot orthoses (FO) affect the biomechanics of
the lower extremities during running in non-injured individuals. This study aims to describe the
behavior of the angular velocity of the foot in the stride cycle measured with a low-sampling-rate IMU
device commonly used by podiatrists. Specific objectives were to determine if there are differences in
angular velocity between the right and left foot and to determine the effect of foot orthoses (FO) on
the 3D angular velocity of the foot during running. The sample was composed of 40 male adults (age:
43.0 £ 13.8 years, weight: 72.0 &= 5.5 kg, and height: 175.5 & 7.0 cm), who were healthy and without
any locomotor system alterations at the time of the test. All subjects use FO on a regular basis. The
results show that there are significant differences in the transverse plane between feet, with greater
differences in the right foot. Significant differences between FO and non-FO conditions were observed
in the frontal and transverse planes on the left foot and in the sagittal and transverse planes on the
right foot. FO decreases the velocity of the foot in dorsi-plantar flexion and abduction and increases
the velocity in inversion. The kinematic changes in foot velocity occur between 30% and 60% of the
complete cycle, and the FO reduces the velocity in abduction and dorsi-plantar flexion and increases
the velocity in inversion—eversion, which facilitates the transition to the oscillating leg and with it the
displacement of the center of mass. Quantifying possible asymmetries and assessing the effect of foot

orthoses may aid in improving running mechanics and preventing injuries in individuals.

Keywords: foot velocity; inertial sensor; foot orthoses; IMU; foot kinematics

1. Introduction

Inertial measurement units (IMU) are increasingly being used in the study of running,
as they allow data capture in a variety of situations, such as indoors in the laboratory, in
the clinic, or outdoors [1,2]. However, it is still more common to perform running analysis
under laboratory and treadmill running conditions [1].

Numerous IMUs are available, with the most common ones allowing data capture
along all three motion axes [1]. These IMUs offer a reliable means of monitoring spa-
tiotemporal parameters accurately and precisely, facilitating various aspects of running
analyses [1,3]. Previous studies have explored different aspects of running mechanics,
including the running cycle, foot strike patterns [3-7], foot trajectory [8], or the angular
displacement of the foot [9].

Advancements in IMU technology have made these devices smaller, lighter, and more
affordable, rendering them suitable for sports motion analysis. High-sampling-rate IMUs
have been used for research purposes [4,6,7,10-12], but podiatrists often work with IMUs
that are affordable yet have sufficient functionality to assist in the final diagnosis; thus,
they often use devices with low capture frequencies [5,8,9,13,14]. Studies have shown
that a frequency of 12 Hz is sufficient to capture human body movement across differ-
ent devices [15,16]. Some research even employed band-pass-filtered data with a 12 Hz
cut-off frequency to analyze kinematics at varying running speeds (between 2.68 m/s and
4.47 m/s) [17]. Furthermore, satisfactory classification of human activity can be achieved
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with sampling frequencies as low as 15 Hz [14,18]. In sports and biomechanics, a recom-
mended IMU sample rate is at least 20 Hz [19,20] with a 20 Hz cut-off frequency for lowpass
filters observed to enhance prediction accuracy [10]. Florenciano et al. [9] have reported
that a sampling rate of 30 Hz is sufficient to capture the foot movement when running at
low speed, and the reported results are consistent with the other literature [3,21-23].

The position of the sensor depends on the anatomical area to be explored, with some
studies placing the sensor on the tibia [24]. According to Benson et al. [1], this is the
most common area for IMU placement. However, for the study of the foot, the sensor has
usually been placed on the heel [3,4] and on the instep or upper part of the shoe [4,25,26].
Researchers have found the foot to be a suitable location for capturing spatiotemporal
parameters and angular kinematic variables [26].

During running, the body tissues must withstand impact forces up to four times
greater compared to walking, and the repetitive nature of steps, about 600 times per
kilometer covered, puts individuals at risk for injury [27-29]. Structural and functional
factors, such as the shape of the plantar arch and passive or supported range of motion in
the longitudinal axis (IN-EV), are assessed during clinical podiatric examinations, and if
imbalances or excessive ranges of motion are observed, insoles may be recommended for
runners, even in the absence of injury, since they are believed to mitigate excessive plantar
and joint loads imposed by ground reaction forces [28,30].

Foot orthoses (FO) are among the most widely used external supports for the treatment
of musculoskeletal disorders [31]. FOs have shown promise in providing pain relief and
increasing ankle stability [32,33]. At a kinematic level, it has been observed that they reduce
maximal foot eversion [33] and mitigate hip adduction and knee internal rotation after foot
strike in subjects with severe pronation [32]. They have also been observed to decrease
tibial internal rotation in the transversal plane [34], as well as inversion—eversion (IN-EV)
and abduction—-adduction (ABD-ADD) ranges of motion, but not dorsi-plantar flexion
(D-PF) [9]. As excessive supination during the stance period is considered a potential risk
factor for injury among runners, reducing motion in the frontal plane, where supination
occurs, can be viewed as a preventive measure to mitigate such risks [28,35]. Foot orthoses
have the potential to benefit individuals without existing health issues by decreasing the
range of motion in the foot’s axes, all while not impeding the natural running technique [9].

FOs are actively utilized by athletes for both therapeutic and preventive pur-
poses [9,32-34,36]. However, despite their widespread use, there is still some uncertainty
regarding how FO affects the biomechanics of the lower extremities during running in non-
injured individuals, and the mechanisms underlying this effect are not well understood.
By understanding the behavior of the angular velocity of the foot during running and the
effects of FO on it, as well as their potential benefits in reducing injury risk and improving
performance during running, clinicians can make informed decisions on whether to recom-
mend FO for healthy individuals, particularly those who engage in high-impact activities
like running.

A healthy gait is assumed to be symmetrical, but asymmetries often exist [37]. Previous
references have highlighted that having a limb asymmetry greater than 15% could be associ-
ated with an increased incidence of injury in both athlete and non-athlete populations [38].
Running shoes could significantly decrease the degree of rearfoot asymmetry [37], but only
one study has been found on the effect of FOs on the asymmetry of running [9].

Finally, there are several studies that assess the effect of FOs on angular velocity, ob-
serving that angular velocity decreases when FOs are used [39,40]. These articles, however,
do not use IMU as a data capture system. Thus, the purpose of this study is threefold: (1) to
describe foot angular velocity in the running of healthy individuals in the no-FO condition,
(2) to determine whether there are differences in angular velocity between the right and left
feet with and without FO, and (3) to determine the effect of FO on foot angular velocity in
each of the axes with a low-sampling-rate IMU device commonly used by podiatrists. It
is hypothesized that there will be no difference in foot angular velocity when FO is used
and that there will be no difference in angular velocity between feet. This article focuses on
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analyzing the effect of FOs from the perspective of non-injury and therefore from the point
of view of prevention.

2. Materials and Methods

A total of 40 males (43.0 £ 13.8 years) without any locomotor injuries at the time
of the test participated in the study. The physical characteristics of the subjects were
recorded using a mechanical column scale with a height gauge (ADE, Hamburg, Germany)
(175.5 £ 7.0 cm; 72.0 & 5.5 kg). All of them had experience and accumulated mileage and
were already familiar with the FOs for at least one year [9]. They were informed of the
conditions of the study and signed an informed consent form prior to their participation.
This study was approved by the local ethics review board (UVic-UCC, 09/2016) and
followed the Declaration of Helsinki.

2.1. Procedure and Data Acquisition

The analysis procedure started with the placement of the sensors on the instep of the
sports shoe, on each foot (Figure 1). This is a commonly used IMU in podiatry and physio-
therapy with a triaxial accelerometer, gyroscope, and magnetometer (MotionPod 30 Hz,
Grenoble, France) [41]. In addition to the Velcro® fastening system supplied, adhesive tape
was used to better fix the device and reduce vibrations, as described in Florenciano et al. [9].
In both conditions tested, participants were wearing their usual running shoes, as it has
been observed that changes in shoe hardness can affect lower limb kinematics [42,43].

Figure 1. (Left): Position of the sensor attached to the instep of the running shoe. The triple
orthogonal system represented by the arrows indicates the dorsi—planar flexion (red), abduction—
adduction (blue), and eversion-inversion (green) movements. (Right): type of FOs used in both feet
with the Polypropylene and the EVA layers.

Because the factory default settings were maintained in this study, and therefore the
sampling rate was 30 Hz, the running speed was 2.5 m/s, near the transition between
walking and running. Visual inspection ensured that none of the participants were walking
instead of running. Raw data were filtered using the default factory settings as well. The
same device and configuration were also used in [9], in which the amplitude of move-
ment during the stance phase and the evaluation of the effects of FOs on foot kinematics
were analyzed.

Subjects performed a 3 min warm-up run on a treadmill (BH Fitness G6414V SPORT,
Alava, Spain) at 2.5 m/s (9 km/h) without any incline (measured with a spirit level). The
warm-up also allowed the runners to familiarize themselves with the speed of the treadmill
and the environment. Treadmill running is representative of running on the ground [44,45].

Once the warm-up period was completed, the participant rested for two minutes while
the rest of the procedure was explained and the sensor was calibrated.

IMUs were calibrated according to the manufacturer’s instructions. First, on the
loading rail at the start of the session and, after being placed on the instep, adjusted to
the relative reference system with the participant standing still and upright for 3 s. Thus,
in a triple orthogonal relative reference system, the vertical axis captures the ABD-ADD
movements of the foot, the longitudinal axis captures the IN-EV movements, and the D-PF
movements are captured on the medial-lateral axis.
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Two 20 s measurements were performed, the first one with participants wearing
their usual running shoes and the second one with their usual running shoes and FO in
both feet, at a speed of 2.5 m/s to meet IMU sampling rate requirements. The FOs used
for each participant were those they used on a regular basis and with which they were
already familiar. Following the IMU manufacturer’s recommendations, data acquisition
was performed for 20 s after the treadmill speed stabilized. This time is guaranteed
using MotionPod to ensure data reliability and avoid measurement errors caused by data
integration over time. The initial steps when passing between stationary and running
phases were discarded, as were the deceleration steps at the end.

The manufacturing system of the FO (Figure 1) consists of a fast-setting wet plaster
mold, adapted through a vacuum chamber [46]. Then, a paper pattern is made with the
width and length of the foot that is adjusted to a Polypropylene (3 mm) sheet and heated
in an oven at 180°. This allows the Polypropylene to be deformed and then adjusted
to the plaster mold. The same process is performed with Ethylene-Vinyl Acetate (EVA)
(6 mm thickness and 30 Shore hardness). EVA is heated up to 80°. EVA and Propylene
shapes are bonded with approved glue. More details on the process can be found in the
Supplementary Materials.

2.2. Data Processing and Analysis

The raw data provided using the IMU device, properly filtered with the acquisition
device to meet the Nyquist requirements of the sampling rate, were processed with Matlab
(Mathworks, Natick, MA, USA).

Using the sagittal plane movement (D-PF) as a reference, we determined the running
stride, defined between the maximum and minimum D-PF points (Figure 2). These instants
are taken as a reference to determine the stride in the frontal and transverse planes, as
well as to extract the number of strides (N) of each subject, as conducted in Florenciano
etal. [9,13].

600 T T T
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© 0 | | i
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Figure 2. Velocity curves for dorsi-plantar flexion (D-PF), abduction—adduction (ABD-ADD), and
inversion—eversion (IN-EV) movements. Negative values are plantar flexion, inversion, and abduction
movements, while positive values are dorsiflexion, eversion, and adduction movements. Angular
velocity increases when deviating from 0 and decreases when approaching 0.
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The angular velocity on each axis of movement was determined by calculating the
mean amplitude of each movement over time. This average amplitude was obtained by
summing the movements during the stance phase of each step performed within the 20 s
data collection period and dividing it by the total number of steps [9].

Mathematically, the data reduction process is described as follows:

1. Obtaining mean motion: Let f(t), a(t), and p(t) be the functions representing the
time evolution for the motions D-PF, ABD-ADD, and IN-EV, respectively. The mean
motions are expressed as follows:

N, fi a N .
7(t) — Zi%fl(t), E(t) Zz }\]1( ), ?(t) _ Z%pz(t) (1)

where the symbol—above the variable denotes mean value, and N is the number of
total steps. Since each of the time evolution functions may have a slightly different
number of points, linear interpolation was used to ensure that the number of points
was the same for all of them before calculating the mean values given in Equation (1);

2. Obtaining the mean angular velocity: Letwf(t), wa(t), and wp(t) be the mean angular
velocities of the D-PF, ABD-ADD, and IN-EV motions, respectively expressed in
degrees/second. These velocities are obtained by deriving the original f;(t), a;(t), and
pi(t), curves with respect to time. Then, the mean values are obtained by averaging
them across steps:

DN pN el pN,
wf (1) = ==L, @) LA wp(t) = =LA )

A first statistical analysis was conducted using open-source JASP 0.14 1.0 software,
focusing on the mean angular velocity the impulse phase, which accounts for approximately
30% to 60% of the complete running cycle [47]. The 30% is the percentage of cycle where the
foot ends the stationary phase and at 60% the stance phase ends [47]. Normality was tested
using the Shapiro-Wilk test for the mean value of the subjects’ data (angular velocity) [48]. A
paired measures comparison (T-Student) was used. The confidence interval and significant
alpha level were set at 95% and 0.05, respectively. To allow for better interpretation of the
data, effect size (d-Cohen) was conducted using the following criteria [49]: insignificant—
d <0.2; small effect—0.2 < d < 0.5; medium effect—0.5 < d < 0.8; and large effect—d > 0.8.

The asymmetry between the left and right feet was calculated for the mean angular
velocity on each axis of motion in both FO and non-FO conditions. To do so, Equation (3)
was used. The minimum value (conversely, the maximum value) was chosen among the
mean velocity values, considering both the left and right mean curves (for the specific axis
motion). Therefore, the direction of the difference is not analyzed. This equation is accurate
for the calculations of asymmetries in unilateral tests [50].

Asymmetry = —100 W + 100 (©)]
maximum value
A second statistical analysis was used considering the whole datapoints, from 0% to
100% of the gait stance. Statistical parametric mapping (SPM) was used to assess time series
differences in angular velocity after the control period and after the custom-made FO inter-
vention period. All SPM analyses were performed using the open-source code spm1d [19]
(v.0.4, spm1d.org) in MATLAB (R2020B) (The Math-Works, Inc., Natick, MA, USA).

3. Results
3.1. Description of Velocity Curves

Figure 2 shows the angular velocity curves for D-PF, ABD-ADD, and IN-EV. The
amplitude of angular velocity is greater for D-PF than for IN-EV and ABD-ADD. The
minimum angular velocity (negative values) of plantar flexion, inversion, and abduction
occurs between 10% and 30%. At 30%, the stationary phase of the foot ends and the heel
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rise begins [13]. This produces an increment in the angular velocity, with the maximum
angular velocity observed between 30% and 40%.

The angular velocity of these movements decreases up to 60% of the cycle for plantar
flexion and to 70% for inversion and abduction. From these points on, the movement
moves to dorsal flexion, eversion, and adduction. With an increase in angular velocity
(positive values) at the beginning and a decrease towards the end of the stroke cycle.

3.2. Differences between Feet

Table 1 presents the mean and standard deviation data for the angular velocity of each
limb between 30% and 60% of the cycle. The left and right feet present similar values of
angular velocity in D-PF; the right foot shows a lower velocity, although this difference
is not statistically significant (p = 0.8 for the non-FO condition and p = 0.4 for the FO
condition), and the effect size is practically insignificant (d = 0.027 for the non-FO condition
and d = 0.122 for the FO condition). In the frontal plane (IN-EV) and transverse plane
(ABD-ADD), the right foot exhibits a slightly higher velocity. These differences are not
statistically significant for IN-EV (p = 0.4 for the non-FO condition and p = 0.9 for the
FO condition), with an insignificant effect size (d = 0.129 for the non-FO condition and
d = —8.14 x 10~* for the FO condition), but they are significant for ABD-ADD (p = 0.009
for non-FO condition and p = 0.02 for FO). The effect size is small for both movements
(d = 0.433 for the non-FO condition; d = 0.367 for the FO condition). These results confirm
that in both D-PF and IN-EV movements, there is no significant difference in foot velocity
for the non-FO and FO conditions; however, in ABD-ADD movements, the difference is
significant in both the non-FO and FO conditions.

Table 1. Mean and standard deviation of the angular velocity for left and right legs in degree/second
(°/s), between 30% and 60% of the cycle. Values of asymmetry as a percentage. * Indicates statistically
significant differences (p < 0.05) between angular values when comparing the left and right legs.

Non-FO Condition Left Right Asymmetry p-Value d-Cohen
Dorsi-Plantar flexion —324.3 +40.8 —323.4 +54.8 0.27 £ 25.5 0.800 0.027
Inversion-Eversion —19.4 £ 30.5 —25.1+42.6 22.7 +28.4 0.400 0.129
Abduction-Adduction 571+ 442 —79.4+ 428 28.0 +£ 3.1 0.009 * 0.433
Orthoses (FO) Condition
Dorsi-Plantar flexion —319.1 £ 36.2 —315.3 £ 529 1.20 £ 315 0.400 0.122
Inversion-Eversion —29.8 +34 —29.7 + 44 013 £22.7 0.900 —8.14 x 1074
Abduction-Adduction —49.4 +43.1 —68.4 +40.4 27.7 62 0.020 * 0.367

3.3. Effect of the Foot Orthoses

Table 2 presents the mean and standard deviations of the angular velocity, showing
the effect of the FO. One can observe that the FO decreases the angular velocity values in
the D-PF movement, being statistically significant for the right foot (p = 0.01) but not for
the left foot (p = 0.07). FO also decreases the angular velocity values in the ABD-ADD, with
statistically significant results in both cases (p = 0.04 left foot, p = 0.02 right foot), while the
effect size of the FO is small in both cases (d = 0.329 left foot, d = 0.385 right foot). The
increase in velocity is statistically significant for IN-EV in the left foot (p = 0.006) with a
small effect size (d = 0.455).

Figure 3 depicts (mean = std) the effect of the FOs on the right and left feet and all the
feet together in the whole data series. Differences are evident in several areas of the curve,
although they are only statistically significant at specific points, according to the SPM.
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Table 2. Mean and standard deviation of the angular velocity for each axis of motion in degree /second
(°/s), between 30% and 60% of the cycle. * Indicates statistically significant difference (p < 0.05) when
comparing non-FO and FO conditions. The arrows indicate whether the difference in angular velocity
increases or decreases when comparing the conditions.

Non-FO FO Difference p-Value d-Cohen
Dorsi-Plantar flexion —324.3 +40.8 —319.1 +36.2 521 0.070 0.286
Left Inversion—Eversion —19.4 + 30.5 —29.8 + 34 10.2 1 0.006 * 0.455
Abduction—-Adduction 57.1 +44.2 —49.4 +43.1 771 0.040 * 0.329
Dorsi-Plantar flexion —323.4 +54.8 —315.3 +£52.9 8.1] 0.010 * 0.405
Right Inversion-Eversion —25.1+ 426 —29.7 £ 44 467 0.300 0.162
Abduction—-Adduction —79.4 £ 4238 —68.4+404 11.0) 0.020 * 0.385
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Figure 3. Angular velocity curves were plotted for each plane for the left foot, the right foot, and
both feet together. Shaded areas indicate 1 standard deviation from the mean value (solid line).
The dashed lines delimit 30% and 60% of the cycle. * Indicates statistically significant difference
(p < 0.05) when comparing non-FO and FO conditions for the whole datapoint using statistical
parametric mapping.
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4. Discussion
4.1. Description of the Velocity Curves

This study was able to describe the angular velocity curves on the three axes of motion
(Figure 3). Other articles have described the angular displacement [13] but not the angular
velocity. The amplitude of the angular velocity of the D-PF is greater than for IN-EV and
ABD-ADD. As indicated by Florenciano et al. [13], angular displacement in the D-PF axis
is notably greater, facilitating a more significant increase in velocity within this specific
motion axis.

At a running velocity of 2.5 m/s, and from the angular velocity description, we suggest
that around 30% of the cycle, the stationary phase of the foot ends and the heel rise begins.
Plantar flexion velocity increases until 40% of the cycle, after which it decreases. At 60%
of the cycle, the transition from plantar flexion to dorsiflexion occurs. This is according to
Kapri et al. [47], who reported that the stance phase is up to 60% of the full cycle and the
swing phase covers the final 40% of the total running cycle [51,52].

Fukuchi et al. [53] described that up to 50% of the full cycle of external rotation occurs
in the pelvis and hip, and Kapandji [54] also described that, under normal conditions, the
external rotation of the limb should coincide with the abducted position of the foot. The
purpose of external rotation of the pelvis and hip, together with abduction, plantar flexion,
and inversion of the foot, is to facilitate movement towards the opposite limb in a swing
culminating in the aerial phase. From this kinematic perspective, and based solely on our
experience and results, we suggest that it is in this percentage of the cycle that the center of
mass (CoM) of the body shifts towards the other leg. During running, most of the forward
force is generated by arm swings and leg swings [55].

4.2. Comparison between Feet

The results in Table 1 show the mean angular velocity between 30% and 60% of the
cycle, which corresponds, in other words, to the impulse phase. The right foot presents
higher angular velocity values than the left foot, both in IN-EV and ABD-ADD, being
statistically significant in the ABD-ADD. Likewise, in a previous study, Florenciano et al. [9]
found that the range of motion in the frontal and transverse planes was greater in the right
foot than in the left.

Healthy gait is assumed to be symmetrical [37]. Because of this, the null hypothesis
stated that there would be no difference between the feet in terms of the mean angular
velocity; nevertheless, results indicate that the movement in the sagittal plane is symmet-
rical but not in the frontal and transverse planes when assessed with the non-FO and
FO conditions.

Asymmetry between limbs has been observed in other studies; for example, Moli-
tor [56] identified asymmetry in the range of motion in the medial arch and in the time
between heel rise and toe off, while Gao et al. [57] observed asymmetry in medial foot
pressure and the range of balance index between dominant and non-dominant limbs, with
a preference for the dominant limb. The dominant limb was not assessed in the present
study, so we cannot establish this type of relationship.

Previous references [38,58], have highlighted that having limb asymmetry greater
than 15% is associated with a higher incidence of injury in both the athlete and non-athlete
populations. Following this recommendation, our results show that IN-EV and ABD-ADD
could be susceptible to injury. Interestingly, FOs do not influence the asymmetry of the
velocity of movement, except for the IN-EV. This could be conditioned by the fact that
FO was used on both limbs simultaneously. From these findings, it is suggested that the
dynamic supporting functions of the right and left limbs should be considered.

4.3. Effect of FO Versus Non-FO Conditions

When considering mean angular velocity between 30% and 60% of the cycle, the
results (Table 1) show that angular velocity in the D-PF and ABD-ADD planes is reduced
with the use of FO, being significant in both the right and left feet. However, in the IN-EV,
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the angular velocity increases significantly between 30% and 60% of the cycle with the use
of FO.

Other authors have also found that the use of customized FO has effects on the
musculoskeletal structure, both in the modification of some biomechanical parameters and
in the incidence of injury [36,59-61], For example, Betz et al. [59] observed a modification
in ankle inversion with the use of FO. Bonanno et al. [36] found that FO reduced the
incidence of tibial stress syndrome, patellofemoral pain, Achilles tendinopathy, and plantar
fasciitis/plantar pain. Lucas-Cuevas et al. [61] observed a decrease in the overall stress
experienced by the foot with the use of FO. Finally, Franklyn-Miller et al. [60] found that
FO had an impact on injury reduction.

With respect to the angular velocity, these results are contradictory to Van Alsenoy
et al. [40] and MacLean et al. [39], since they obtain a reduction in the angular velocity
in the frontal plane (IN-EV). However, it must be considered that these studies use 3D
videography for data capture.

The variations in angular velocity observed in this study may lead us to believe that
the decrease in angular velocity in D-PF and ABD could slow down the external rotation of
the extremity and increase the angular velocity of inversion at the beginning of the impulse
phase. With these two conditions, the FO would be improving the transition to the opposite
leg in the swing phase by achieving greater effectiveness in the displacement of the CoM.
This could have a preventive effect on healthy subjects.

4.4. Limitations of the Study

The results and conclusions presented in this paper should be taken with caution. One
of the limitations of this study relates to the sampling frequency used to collect the data.
The sampling frequency used in this study has already been used in the past [3,9,13,21-23],
but it inevitably limits the running speed of the subjects. Whether these results are valid for
higher speeds, where the impact of the feet and the movement itself will be different, needs
to be further investigated. In addition, the data were collected under controlled conditions
(treadmill, in a flat position, and on a homogeneous surface), so other sampling frequencies
would be needed in different situations. These results might not be directly extrapolated
to outdoor running, especially in the case of cross-running, where the surface is very
heterogeneous. Another limitation is the fact that the subjects in the study were healthy
runners who used FOs on a regular basis. As a result, the effect of FOs on subjects who have
never used them might be different. The limb dominance parameter was not assessed in
the present study. From the data collected, we know that 87.5% of the participants had right
foot dominance. However, due to the absence of homogeneous groups for comparison,
we refrained from using this variable for the analysis. Therefore, we cannot establish any
relationship between limb dominance and the results of foot asymmetry. Finally, another
possible limitation would be the short data acquisition time. Although references have
been found that use similar times [62,63], it could be a limitation to observe the effect of FO
on angular foot velocity.

5. Conclusions

Based on the results of this study, we can conclude that (1) low-frequency IMUs allow
obtaining foot angular velocity data that follow a certain pattern. This pattern has been
described in the present study. (2) Kinematic variables exist between extremities during
running in healthy subjects, and FOs did not mitigate the issue of asymmetry of the angular
velocity, except for the IN-EV movement. It is suggested that the dynamic supporting
functions of the right and left limbs should be considered. Furthermore, quantifying
possible asymmetries could have implications for injury prevention during running. (3) The
use of FO produces kinematic changes in foot angular velocity, mainly occurring between
30% and 60% of the complete cycle. The reduction in the angular velocity in ABD-ADD and
D-PF and the increase in IN-EV could facilitate the displacement of CoM and the transition
of the leg to the swing phase.
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CAPITULO 6. DISCUSION GENERAL

6.1. Descripcion de las curvas

Descripcion de las curvas de desplazamiento angular

En el Estudio-l se realiza una descripcion del desplazamiento angular del pie en los tres
planos del espacio. La obtencidon de las curvas de desplazamiento angular ha permitido
determinar el movimiento normal del pie durante la carrera en personas sanas y no

lesionadas. Las curvas nos permiten establecer patrones de movimiento tipicos del pie.

En la figura 3 del Estudio-I se presentan la grafica de desplazamiento angular del pie. En
relacién con esta figura podemos observar, coincidiendo con Kapri et al., (2021), que el
60% del ciclo es periodo de apoyo y el 40% periodo de oscilacion. En el plano sagital el
movimiento del pie es en flexidon plantar hasta 60% del ciclo y en el 40% restante se
mueve en flexién dorsal, en el plano frontal el pie se mueve en eversién hasta el 30%
del ciclo y cambia a inversion hasta el 60%, se mueve en eversidn hasta el 80% de ciclo

y a inversion hasta el 100% del ciclo. En el plano horizontal el movimiento del pie es en

abduccion hasta el 60% del ciclo y mantiene la aduccién hasta el 100% del ciclo.

0% 30% 60% 80% 90% 100%
Flexién dorsal Flexion plantar Flexion plantar Flexién dorsal Flexién dorsal Flexién dorsal
Inversion Eversidon Inversién Eversion Inversién Inversion
Aduccidn Abduccién Abduccién Aduccién Aduccidn Aduccidn

Figura 3. Movimientos del pie en % de ciclo completo en los planos sagital, frontal y transverso desde una
visién frontal. Las lineas y curvas en color azul son los movimientos de eversidn e inversién y las lineas
rojas los movimientos de abduccién y aduccion.

Mads al detalle, la Figura 3 muestra una secuencia fotografica del movimiento del pie. Se
observa que: (1) En el instante 0% del ciclo el pie esta en flexiéon dorsal, inversién y
aduccion. (2) En el 30% del ciclo el pie presenta flexidn plantar, eversion y abduccidn.

(3) En el 60% del ciclo el pie presenta flexidn plantar, inversion y aduccién. (4) En el 80%
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del ciclo el pie realiza flexién dorsal, eversion y abduccion. (5) En el 90% flexion dorsal,
inversion y aduccién y (6) en el 100% vuelve a estar en flexion dorsal, inversion y

aduccion como al inicio del ciclo de carrera.

Descripcion de las curvas en la velocidad angular

Como se detalla en el Estudio-lll a partir del procesamiento de los datos obtenidos por
el IMU también se pudo obtener la velocidad angular del pie para cada uno de los tres
planos de movimiento. La grafica de la velocidad angular del pie se puede observar en

la Figura 2 del Estudio-IIl.

En esta grafica, cuando la trayectoria se separa del O la velocidad angular aumenta y
cuando se aproxima al 0 la velocidad angular disminuye. Los valores negativos indican
flexidn plantar, inversion y abduccion, mientras que los valores positivos indican flexién

dorsal, eversion y aduccién

La velocidad angular del pie en flexidon plantar es la que permite definir el resto de los
ejes. Para ello, el proceso de calibracion del sensor es determinante; al calibrar el sensor

con el sujeto en bipedestacion estatica, se entiende que la velocidad del pie es 0 2/s.

Cuando en el plano sagital la velocidad del pie es 0 2/s se inicia la “fase estacionaria”.
Cuando la curva se situa en al eje “X” indica que la planta del pie no se mueve y que es
la extremidad en apoyo la que se desplaza hacia delante. Esto se evidencia en el 30% del
ciclo, donde la velocidad angular hacia la flexion plantar aumenta al alejarse del 0 2/s.
Entre el 30% y el 40% del ciclo se produce un evento muy interesante y es que el talén
se separa del suelo indicando el inicio de la fase de impulso. A partir del 40% hasta el
60% del ciclo la velocidad angular en flexién plantar disminuye, siendo la pendiente de

la curva proporcional a la aceleracién angular del pie.
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6.2. Movimientos del pie en 3D y su relacidn con la cadena cinematica de

la extremidad inferior.

El movimiento del pie forma parte de la cinematica de la extremidad inferior y debe
participar de forma efectiva en el desplazamiento del tronco. La biomecanica de la
carrera se puede analizar mediante la anatomia de las extremidades superiores e

inferiores (Van Oeveren et al., 2021).

Al correr, la parte superior del cuerpo (cabeza, brazos y parte superior del tronco) y la
parte inferior del cuerpo (parte inferior del tronco y piernas) se mueven en direcciones
contrarias en el eje longitudinal. La cintura escapular y la cintura pélvica se mueven en
la misma direccion, pero en sentido contrario, generando momentos de inercia que

facilita el desplazamiento del cuerpo hacia adelante (Hamner & Delp, 2013)

La fisiologia articular de la articulacion de la cadera es importante para entender el
desplazamiento del cuerpo y por qué del movimiento 3D del pie. Los movimientos de
extension, rotacion y abduccidn de la articulacidn de la cadera no tienen lugar alrededor
del eje anatémico-diafisario del fémur, sino mds bien del eje mecdnico (
Figura 4) que se proyecta desde el centro de la articulacién de la cadera al centro de la
articulacién de la rodilla (Peterson et al., 2000). Esta disposicion del eje mecanico del
fémur facilita que, en el periodo de oscilacién de la extremidad, el trocanter mayor del
fémur se desplace hacia delante y hacia dentro, generando dos movimientos
simultaneos (flexidn, rotacién interna de la cadera) (Peterson et al., 2000). Los musculos
que se inserten por delante del eje mecanico actuaran como rotadores internos del
fémur vy, al contrario, en el periodo de apoyo el trocanter mayor del fémur se desplaza
hacia atras y hacia fuera generando igualmente dos movimientos simultdneos
(extensidn y rotacidn externa de la cadera), los musculos que inserten por detrds del eje
mecdnico actuardn como rotadores externos del fémur invirtiendo las acciones

musculares (Kapandji, 2012).
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Eie mecanica

Eje anatomico,

Figura 4. Ejes anatdmico y mecanico del fémur.

Comparacion movimiento 3D del pie y el movimiento 3D de la cadera

En la Figura 5 se observa el desplazamiento angular de la cadera en cada uno de los ejes
de movimiento descritos por Fukuchi etal. (2018). Estos autores analizaron el
movimiento de la cadera en 42 adultos sanos mediante videografia 3D (Fukuchi et al.,

2018).

La extension de cadera se produce entre el 0% y el 60% del ciclo coincidiendo con los
valores obtenidos en el Estudio-I de flexidn plantar del pie. Acto seguido y siguiendo la
trayectoria ascendente de la curva se puede comprobar que la flexiéon de la cadera,

segun la grafica, se acompaia de flexién dorsal del pie hasta completar el ciclo.

También el movimiento de eversidn del pie coincide con el inicio de rotacion interna de
la cadera (trayectoria ascendente) en el 10% del ciclo, hasta la estabilizacion del pie en
el 30%. El movimiento siguiente es en inversion hasta el 60% del ciclo, igual que hace la

cadera mediante la rotacion externa hasta el 60% del ciclo.

Hip Flexion/Extension 7~ Hip Add/Abduction ) . __Hip InVExternal Rotation
E ‘ F

Figura 5. Imagen superior, grdficas de la cadera en ciclo completo (Fukuchi et al., 2018).
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El movimiento de ABD del pie es hasta el 60% del ciclo, también se refleja en la cadera
dado que también esta se desplaza en ABD hasta el 60% del ciclo. Es decir, en la medida
que la cadera desplaza el centro de gravedad del cuerpo (CGC) hacia la otra pierna en

abduccidn también el pie se mueve en abduccién hasta el 60% del ciclo.

Esta relacion cinemdtica entre el movimiento 3D del pie y el movimiento 3D de la cadera,
sugiere, en gran medida, la eficacia de los movimientos del pie y de la cadera en el
desplazamiento hacia delante del tronco (plano sagital) y en la alternancia entre

extremidades planos, frontal y transverso.

Por lo tanto, en el periodo de apoyo tanto la cadera como el pie se extienden, la cadera
rota externamente (inversion del pie) y la ABD de la cadera se complementa con la ABD
del pie para desplazar el tronco hacia la extremidad en oscilacién, cuya finalidad es
facilitar el desplazamiento anterior del tronco y la alternancia en las extremidades
minimizando el desplazamiento del CGC y con ello, tanto el gasto energético como el
equilibrio fisico de la persona. (Lee & Chou, 2006) determinaron los angulos de
inclinacién en los planos sagital y frontal del CGC, encontraron que la basculacion de la
pelvis del plano frontal ABD-ADD de la pelvis y |la cadera, es una variable independiente

de la velocidad de marcha y el nivel de actividad.

6.3. Analisis de la asimetria

Asimetrias en desplazamiento angular

Los resultados en el Estudio-Il permiten observar que en el plano sagital no existe
diferencia entre pies en la amplitud de movimiento de desplazamiento angular, sin
embargo, si que se ve afectado el indice de simetria en los planos frontal y transverso
puesto que el porcentaje de asimetria es de 31.9 + 18.2 % para EV-INy 21.7 + 14.56.2 %

para la ABD-ADD en pie derecho respectivamente.

Al comparar estos datos con los obtenidos de asimetria en el Estudio-l se constata que
el porcentaje de asimetria para la amplitud de movimiento es menor en ciclo completo
que en el periodo de apoyo, siendo el valor en la EV-IN del porcentaje de asimetria de

14.3+4 %y el de ABD-ADD es de 15.2 + 16.6 %, mayor en pie derecho respectivamente.

Juan Luis Florenciano Restoy 63



Estas diferencias podrian sustentarse en las investigaciones de Viel (2002). En sus
estudios sobre el trabajo excéntrico y concéntrico de los musculos de la extremidad
inferior durante el apoyo, proponen que los miembros inferiores no contactan con el
suelo a la misma intensidad, habiendo un miembro inferior mas amortiguador y otro

mas propulsor (Viel, 2002).

Kong & De Heer (2008) comprobaron en 6 atletas de élite keniatas a cinco velocidades
de carrera (3.5 - 5.4 m/s) utilizando un sistema de captura de movimiento, el tiempo de
toma de contacto con el suelo del pie derecho fue mas breve (170 — 212 ms) en
comparacion con el pie izquierdo (177 — 220 ms). No se observaron diferencias
bilaterales en las otras variables de movimiento o de fuerza.

Pulido-Valdeolivas et al. (2013) presentaron una muestra de 27 niflos entre 5-13 afos
datos de normalidad de escolares espanoles donde se observan asimetrias entre los

lados izquierdo y derecho.

Asimetrias en la velocidad angular

En el Estudio-lll los resultados mostraron que la velocidad del pie en el plano sagital era
practicamente la misma con diferencias en la asimetria insignificantes, por el contrario,
los resultados si fueron significativos en la velocidad del pie en ABD con valores de
p=0.009 con calzado y p=0.02 con OP, siendo en ambos casos las asimetrias importantes
28 £ 3.1 % con calzado y 27.7 £ 6.2 % con OP, en cambio, en el movimiento de IN-EV se
detecta una singularidad, pues mientras la asimetria con calzado es de 22.7 £ 28 %, la
asimetria con OP casi desaparece con un valor de 0.13 + 22.7 %, lo que sugiere que la

velocidad del pie en IN-EV se simetriza con OP.

Movimiento asimétrico y lesion.

Rodriguez Sanchez (2016) en una revisidn bibliografica concluye que, aun existiendo una
relacion entre la pronacion anormal del pie y alteraciones musculoesqueléticas del

miembro inferior no se ha encontrado evidencia cientifica suficiente para establecer una
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fuerte relaciédn causa-efecto. Se necesita mas investigacién a fin de aumentar la

evidencia cientifica en este campo.

En la Figura 6 se ha observado que el tobillo se mueve durante el apoyo primero en
pronacién y después en supinacion, en el Estudio-Il se confirma que la diferencia en los
movimientos latero-mediales mayores en pie derecho tanto con calzado como con OP,
estan dentro de la normalidad, sugerimos que se debe considerar que al aumentar

diferencias en los grados de movimiento entre pies sea motivo de lesidn.

6.4. Efecto de las ortesis plantares en la cinematica del pie

Efecto de las ortesis en el desplazamiento angular

Los resultados de la amplitud de movimiento 3D en el Estudio-Il constatan una tendencia
de la OP a reducir la amplitud de movimiento en los planos frontal y transverso, pero no

en el plano sagital.

Esta reduccion de la amplitud de movimiento latero-mediales del pie se debe explicar
desde la compleja articulacion del tobillo, dado que, los movimientos en el pie no son

puros sino combinados.

Desde el inicio de contacto en 0% del ciclo hasta la fase de apoyo medio, 30% del ciclo,
el pie efectia una evidente eversion y abduccién (pronacion del tobillo), sin embargo,
entre el 30% y 60% del ciclo, el pie eleva el talén en inversidn y aduccidn (supinacién del

tobillo) (Figura 6).

A la luz de los resultados obtenidos en los movimientos latero-mediales del Estudio-1l se
sugieren que la OP reduce la amplitud de movimiento de pronacién y también la

amplitud de movimiento de supinacion.

Estos resultados son parecidos a los de Escamilla-Martinez et al. (2013) que observaron
una tendencia al aumento de la pronacién después de la carrera (3,3 m/s) de 60 min en
30 hombres sanos corredores habituales. Los sujetos ganaron 2 puntos en el indice de
postura del pie y el apoyo total y las dreas de contacto del talén medial aumentaron, al

igual que las presiones debajo de la cabeza del segundo metatarsiano y el talon medial.
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30% 40% 60%

Figura 6. Movimiento del tobillo en vision posterior. Primera imagen: 30% del ciclo fase de apoyo medio,
mdxima eversion del pie (pronacion del tobillo). Segunda imagen: 40% del ciclo, en el inicio de impulso,
inicio de inversion del pie (inicio de la supinacion del tobillo). Tercera imagen: 60% del ciclo, final de la fase
de impulso, mdxima inversion del pie (finalizacion de la supinacion del tobillo). Fuente propia.

En el Estudio-ll la reducciéon de la amplitud de movimiento estd vinculada a los
resultados de tiempo de apoyo y ciclo completo, donde se observa un ligero aumento
del tiempo de contacto y de oscilacion, y una discreta reduccion en el nimero de
zancadas. Se sugiere que la reduccién en el niumero de zancadas podria disminuir el

gasto energético.

Esta observacién puede ayudarnos a comprender el funcionamiento del pie, prevenir

lesiones y disefiar ortesis plantares efectivas en el deporte.

Relacion de los materiales de la OP con los materiales del calzado deportivo.

Otra cuestidon importante que se debe destacar son los materiales empleados en Ia
fabricacion de la ortesis plantar deportiva. Dinato et al. (2021) compararon el calzado
minimalista con el calzado con entresuela de poliuretano mas termoplastico y
comprobaron que el calzado deportivo con poliuretano y termoplastico aumentaba la
economia a baja velocidad de carrera. Sin embargo, la economia de carrera no mejoro
a la velocidad promedio sostenida durante una contrarreloj de 3 km (~15 km/h), lo que
finalmente resulté en un rendimiento de carrera similar en comparacién con las

zapatillas minimalistas. Por lo tanto, podria sugerirse que la mejora de la economia de
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carrera observada con el material del calzado disefiado para mejorar el retorno de
energia podria ser mas relevante que el calzado minimalista para carreras de distancias

mas largas (=5 km).

Como se ha comentado, en el Estudio-Il hubo una tendencia a disminuir el nUmero de
zancadas con las OP deportivas. Estas OP son fabricadas con materiales como es el
termoplastico (polipropileno) y con material de amortiguacion como es el Vinil-Etil-
Acetato (EVA), por lo que sugerimos un efecto similar de la OP deportiva al calzado

deportivo con suela de poliuretano mas termoplastico.

Efecto de la ortesis plantar en la velocidad angular

El Estudio-lll tenia como objetivo determinar el efecto de la OP en la velocidad angular

del pie en cada uno de los ejes de movimiento del pie durante la carrera.

En la figura 2 del Estudio-lIl se observa la velocidad angular del pie para los tres ejes de
movimiento, tanto en el pie izquierdo como en el pie derecho, con un denominador
comun, el pie experimenta cambios en la velocidad que coincide con el movimiento de
la otra extremidad en oscilacidn. Estos eventos se producen entre el 30% y el 60% del
ciclo y mas concretamente en el 40% del ciclo con una tendencia de la OP a reducir la
velocidad en ambos pies en abduccidn y flexidn plantar. Si tomamos en consideracion
los datos del Estudio-Il también existe una tendencia a reducir los grados de amplitud.
Sugerimos que esta circunstancia es debida al momento de inercia de |la otra pierna en

oscilacion.

En cuanto al movimiento de IN-EV sucede mas bien lo contrario, aumenta la velocidad
en el pie con OP, esto se explica desde la propia naturaleza del periodo de apoyo, la
rotacion externa de la extremidad en la extensidn de la cadera, la inversion el pie gira
hacia fuera y facilita la rotacion externa de la cadera. Por lo tanto, a la luz de estos
resultados de los movimientos 3D de la cinematica del pie, se sugiere que el efecto de
la OP modifica, influye y favorece el comportamiento de la cadena cinematica de la

extremidad inferior.
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CAPITULO 7. CONCLUSIONES GENERALES

7.1. Conclusiones por objetivos generales

Estas conclusiones estan relacionadas con los objetivos generales de la tesis doctoral:

Conclusidn 1. Se han obtenido las medias tanto de amplitud de movimiento como de

velocidad angular en ciclo completo y en el periodo de apoyo.

Conclusién 2. Se ha constatado que existen asimetrias en extremidades en las variables

cinematicas con y sin ortesis plantar.

Conclusion 3. El efecto cinematico de la ortesis plantar durante el periodo de apoyo es,

tanto en la amplitud de movimiento, como en la velocidad angular.

7.2. Conclusiones por estudios
Estudio-l: Existen diferencias con mas grados de amplitud de movimiento en pie
derecho que en pie izquierdo en los planos frontal y transverso. En el plano

sagital no hay diferencias.

Estudio 2: Se observa una tendencia de la OP a reducir los grados de amplitud en los
movimientos de los planos frontal y transverso con mayor tiempo de apoyo y

ciclo completo con OP. Con disminucién en el nimero de zancadas con OP.

Estudio 3: La velocidad del pie en apoyo se ve afectada a partir de la fase estacionaria
por la inercia de la pierna oscilante, entre el 30% y 60% del ciclo. La OP
modifica la cinematica disminuyendo la velocidad del pie en los planos
sagital y transverso y aumentando la velocidad del pie en el plano frontal,
mejorando la transicidn hacia la pierna oscilante y con ello tanto el gasto

energético como el equilibrio dinamico.

Los resultados obtenidos en esta tesis doctoral sugieren que, la utilizacion de la IMU ha
sido determinante para poder comprender en el periodo de apoyo y oscilacion el

movimiento 3D del pie.
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CAPITULO 8. LIMITACIONES Y LINEAS DE FUTURO

8.1. Aportacion del doctorado

Una de las contribuciones mas importantes de este doctorando ha consistido en
implementar una metodologia con la que se han podido obtener de cada participante
las medias de movimiento 3D del pie. Todos los sujetos corrieron en una cinta de correr,
alamisma velocidad 2,5 m/sy durante 20 s, por lo que el nUmero de zancadas fue similar
para todos ellos. Una vez caracterizado este movimiento en un participante, se siguio la
misma metodologia para el resto de los participantes, tanto en ciclo completo (apoyo y
oscilacion) como solo en el periodo de apoyo. Se pudo obtener una visién panoramica,

tanto de la amplitud de desplazamiento angular, como de la velocidad angular del pie.

A nuestro modo de ver esta visidn es particularmente original puesto que es un primer
paso para el desarrollo de nuevas investigaciones que permitan establecer los grados de

normalidad en el pie en el dmbito de la carrera.

Otra contribucién, no menos importante de esta metodologia, ha sido verificar el efecto
cinematico de la OP en la mecdnica del pie, por lo que se sugiere que esta metodologia
se podria aplicar a otras IMU, al calzado deportivo y también, poder obtener en tiempo

real el efecto de la OP en el corredor.

8.2. Limitaciones de la investigacion

Debemos ser cautos con los resultados y conclusiones presentados en este doctorado.
Una limitacién se debe relacionar con la frecuencia de muestreo utilizada para
recolectar los datos. La frecuencia de muestreo utilizada en este estudio es baja, debido
a las capacidades técnicas del sensor, pero ya se ha utilizado en el pasado (Boutaayamou
et al., 2015; Jones et al., 2022; Pagnon et al., 2022; Sung et al., 2021). También se debe
tener en cuenta como limitacion que Bioval solo obtiene datos del movimiento lineal, es
decir, no podemos hacer giros ni a derecha ni a izquierda.

La velocidad de carrera de 2,5 m/s de los sujetos es una velocidad de carrera lenta. Es
necesario investigar si estos resultados son validos para velocidades de carrera mas

altas.
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También hay que mencionar que estos resultados no se extrapolen directamente a las
carreras al aire libre, especialmente en el caso de las carreras de montafia, donde la
superficie es muy heterogénea.

Otra limitacion es el hecho de que los sujetos del estudio eran corredores sanos que
usaban OP de forma regular. Como resultado, el efecto de los OP en sujetos que nunca
los han usado podria ser diferente.

El pardmetro de dominancia de extremidades no fue evaluado en el presente estudio. A
partir de los datos recogidos, sabemos que el 87,5% de los participantes tenian
dominancia del pie derecho. Sin embargo, debido a la ausencia de grupos homogéneos
para la comparacién, nos abstuvimos de utilizar esta variable para el analisis. Por lo
tanto, no podemos establecer ninguna relacién entre la dominancia de las extremidades
y los resultados de la asimetria del pie. Por ultimo, otra posible limitacién seria el corto
tiempo de adquisicidon de datos. Aunque se han encontrado referencias que utilizan
tiempos similares (Glassbrook et al., 2020; Johnson etal.,, 2021), podria ser una

limitacién observar el efecto de la OP sobre la velocidad angular del pie.

8.3. Lineas de futuro

Una investigacidén interesante seria, manteniendo los mismos objetivos que en el
presente doctorado, determinar la cinematica del pie durante la marcha a 1,25 m/s. Con
lo que se podria obtener patrones de normalidad interesantes desde el punto de vista

biomecanico y si el efecto cinematico de la OP es similar al de la carrera a 2,5 m/s.

Una posible linea de investigacion seria poder determinar si se obtienen los mismos
resultados solo en sujetos zurdos. Ademads, esta investigacién podria desencadenar
otras cuestiones interesantes, por ejemplo, en el caso que los zurdos mantuvieran los
valores obtenidos en el Estudio-l y el pie derecho tuviera mas grados de amplitud de
movimiento que en el pie izquierdo, se deberian encontrar causas diferentes a la

lateralidad.

Otralinea de investigacidn seria comprobar si las mujeres también presentan diferencias
entre el pie derecho y el izquierdo observadas en el Estudio-I. Asi como comprobar si la

mujer puede beneficiarse de la ortesis de pie, dado que, las mujeres suelen presentar
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diferencias en la anatomia en comparacién con los hombres. Al evaluar el efecto de la
ortesis de pie exclusivamente en mujeres corredoras, se podria obtener una visidon mas
precisa y especifica de los beneficios potenciales que estos dispositivos podrian ofrecer

a esta poblacion.
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