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Increasing lifting performances: Biomechanics for an optimized training Abstract

More than sports, weightlifting and powerlifting are widely used in fitness/resistance training for sport performance. As they both consist of lifting additional weights they must be well executed to avoid injuries and enhance fitness and performance. To date, pieces of advice from experienced or graduated or self -proclaimed coaches, swarm in gyms and on the web, but very little are based on scientific knowledge. The same technical instructions are often given to men and women with different anthropometry and training history. As they are not individualized, these instructions could be at best suboptimal for most athletes, not enabling them to express their full potential and, at worst, dangerous and causing injuries. The central objective of our project is the development and validation of an optimised personalized virtual human model. On the one hand, a virtual mechanical model of an athlete squatting was numerically designed and set into motion by the development of a genetic algorithm minimizing a cost function. On the other hand, an experiment was designed to measure the squat kinematics of experienced athletes. The results of the simulation and experimentation were then confronted, the differences explained and areas of improvement listed.

Key-Words: optimization -squat -lifting -genetic algorithm -biomechanic -simulation Résumé général L'Homme travaille sa musculature depuis des milliers d'années. Des traces d'hommes pratiquant une activité physique destinée à développer la musculature et comprenant des charges additionnelles ont été trouvées dans plusieurs parties du globe et certaines remontent jusqu'à 3500 ans avant Jésus Christ. Quatre pays ont, plus particulièrement, eu des liens avec les sports de force dans l'antiquité : la Chine, la Grèce, l'Egypte et l'Inde. Ces pratiques, d'abord destinées à l'entraînement militaires ou liées à la religion sont, au fil des siècles, devenues des activités à part entière dont ont découlé des sports. Le plus connu d'entre eux est sans doute l'haltérophilie, sport de force mais surtout de puissance et de technique, l'haltérophilie fut l'un des premiers sports à intégrer les jeux olympiques modernes en 1896. Aujourd'hui, ce sport est constitué de deux levés : l'arraché et l'épaulé-jeté. Le premier consiste à prendre une barre au sol et à l'amener au-dessus de la tête, bras tendus, en un seul mouvement tandis que le deuxième levé est effectué en deux temps : la barre est d'abord amenée du sol aux clavicules durant l'épaulé puis des clavicules jusqu'à sa position finale au-dessus de la tête bras tendus lors du jeté. Contrairement à ce qu'un novice pourrait penser, l'haltérophilie n'est pas un sport mobilisant une forte masse musculaire sur le haut du corps mais bien un sport de puissance où le mouvement de la barre est engendré par la triple extension cheville genoux et hanche. Ainsi, on considère que la vitesse est une qualité aussi importante que la force en haltérophilie. C'est ce constat qui a poussé certains haltérophiles à développer un sport plus proche de la force pure dans les années 20 : la force athlétique. Contrairement à ce que son nom anglais,« powerlifting », laisse penser, la force athlétique est quasiment un sport de force pure. Ses trois mouvements le squat, le développé couché et le soulevé de terre sont en général effectués à des vitesses dix fois inférieures à celles d'un arraché.

Plus que des sports reconnus de haut niveau, la force athlétique et l'haltérophilie constituent la base de la préparation physique de tout sportif. En effet, les mouvements de ces 2 disciplines permettent le développement musculaire ainsi que l'amélioration de la coordination et de l'explosivité, qualités recherchées dans la plupart des sports collectifs ou individuels. Bien que pratiqués en masse, peu de chercheurs se sont intéressés à ces activités et encore moins à la manière dont l'exécution doit être adaptée en fonction de la morphologie du pratiquant. De ce fait, leur apprentissage reste à ce jour très empirique et certaines consignes telles que « les genoux ne doivent pas dépasser les pointes de pied lors d'un squat » s'avèrent suboptimale et même dangereuses pour certains pratiquants aux fémurs longs. L'objectif de recherche de cette thèse de doctorat est de participer à l'amélioration des performances des athlètes pratiquant l'haltérophilie et la force athlétique tout en minimisant leur risque de blessure par le développement d'un modèle humain virtuel personnalisé. Ce modèle ayant pour vocation de permettre l'analyse dynamique du corps en mouvement en le reliant aux mécanismes mis en jeu par l'athlète au cours de sa pratique.

Le manuscrit est articulé autour de 4 grands chapitres. Dans un premier temps l'état de l'art est étudié afin de mieux cerner l'avancée actuelle et les manquements de la recherche sur les sports de force ainsi que la simulation du geste sportif. Concernant les recherches sur les sports de force, il apparaît que la plupart des études se concentrent sur l'haltérophilie et n'ont pour vocation que l'observation du geste sportif. Il semblerait qu'une hypothèse majeure de ces études soit que l'haltérophile de haut niveau soit unique et est un mouvement parfait. En effet, aucune différentiation des individus n'est faite selon leur morphologie et, souvent, seules des moyennes des paramètres cinématiques sont proposées. Le constat est somme toute similaire concernant la force athlétique. De plus, les études tentant de mesurer l'influence des changements de certains paramètres sur la cinématique du mouvement sont bien souvent effectués sur des novices ou des athlètes de niveau régional auxquels un protocole et une exécution, souvent loin de leur schéma moteur habituel, sont imposés. Enfin les recherches concernant les blessures en haltérophilie et force athlétique remarquent que le taux de blessure est plus élevé chez les athlètes de niveau national que chez ceux de niveau international. De même, le taux de blessure diminue lorsque la pratique est supervisée par un coach par rapport à une pratique en autonomie. Ces deux constats renforcent l'importance de l'exécution du geste, non seulement pour la performance, mais aussi pour la réduction du risque de blessure.

Concernant l'utilisation de la biomécanique pour la performance sportive, plusieurs thématiques ressortent : l'application des lois de la mécanique pour la caractérisation du geste sportif, le besoin d'individualisation, les techniques de capture du mouvement, la modélisation du geste sportif et, pour finir, la simulation et l'optimisation du geste sportif. En effet bien que la plupart des études maîtrisent la capture et la modélisation du geste sportif, seules peu d'entre elles se sont intéressées à la simulation et l'optimisation de ce dernier. Pourtant, utiliser l'outil numérique pour expérimenter des changements techniques pourrait être une solution afin d'aider les sportifs de haut niveau à progresser sans leur imposer de protocoles expérimentaux contraignants. C'est d'ailleurs sur cet aspect que le projet de doctorat se veut innovant de par la création d'un modèle personnalisé qui servira de support aux simulations et sera validé par comparaison avec la modélisation des expérimentations. Ce travail sera effectué sur le squat, mouvement de flexion extension des membres inférieurs, celui-ci étant l'un des mouvements de compétition de la force athlétique mais aussi un facteur de performance en haltérophilie Le second chapitre du manuscrit est donc dédié à la création du modèle mécanique ainsi qu'à la mise en place des simulations par le développement d'un algorithme génétique. Tout d'abord, suite à l'étude de l'état de l'art, un certain nombre d'hypothèses simplificatrices ont été choisies et un schéma cinématique a été établi. Comme le mouvement ne peut être dirigé par une ou plusieurs équations simples il a été décidé de discrétiser toutes les positions admissibles de ce dernier en se basant, d'une part, sur les mobilités articulaires et la répartition des masses données par la littérature et, d'autre part, sur l'intégration des lois de la mécanique. Une fois la base de données de toutes les positions admissibles créée, les lois de Newton sont appliquées afin de calculer, avec l'hypothèse du mouvement quasi-statique, les couples moteurs nécessaires à chaque articulation pour maintenir chaque position. Ainsi, la dernière étape est le choix d'un critère d'optimisation permettant de créer une trajectoire ou schéma moteur à partir de la base de données des positions. Après avoir testé sans succès plusieurs critères concernant la somme pondérée des couples à chaque articulation, il a été décidé d'utiliser une approche locale du travail des efforts internes utilisée dans la littérature prenant à la fois en compte les puissances articulaires frénatrices et motrices. Cette nouvelle fonction nécessite la mise en place d'un algorithme d'optimisation dont elle est le point central. Une nouvelle fois, afin de contrôler au maximum le processus, le choix a été fait de développer en interne un algorithme génétique dont la fonction coût serait celle évoquée précédemment. Une fois la convergence de cet algorithme vérifiée, il a été possible de lancer des simulations personnalisées qui seraient comparées aux résultats des expérimentations.

Afin de vérifier certaines hypothèses majeures et de comparer le résultat des simulations avec la réalité du terrain, une série d'expérimentations a été réalisée. Concernant le matériel scientifique, des caméras d'analyses du mouvement de la marque Optitrack TM ainsi qu'une plateforme de force 6 axes de la marque Bertec TM ont été utilisées. De plus, avant l'expérimentation, la fiabilité des caméras a été mesurée lors d'une phase de test. Pour réaliser un squat, 3 éléments sont nécessaires : une barre de 20 kg avec des manchons de 50 mm de diamètres, des poids calibrés allant de 1,25 kg à 25 kg et un support de barre pouvant être un rack de compétition ou une cage ou des supports individuels appelés chandelles. Seule la présence de ce matériel fut contrôlée et le choix fut fait de laisser les athlètes utiliser leur équipement personnel pouvant inclure : des chaussures des type haltérophilie avec talons surélevés ou des chaussures plates, des genouillères, une ceinture de type haltérophilie ou ceinture de force, des bandes de poignets. Seules deux demandes furent faites aux athlètes : porter une tenue moulante afin de pouvoir y fixer les marqueurs réfléchissants, faire au moins une série de squat à 70% ou plus de leur maximum théorique estimé (e1RM). Comme expliqué dans le premier chapitre, cette liberté fut volontairement laissée aux athlètes afin, d'une part, de disposer d'un plus grand nombre de sujets expérimentés sur le mouvement du squat et, d'autre part, de capturer le schéma moteur propre à chacun. Les différences d'équipement, de position de la barre ou d'écartement des pieds, généralement contrôlés dans les recherches scientifiques, pourront ensuite servir de critères de regroupement s'ils influencent de manière significative la cinématique du mouvement.

Une fois les expérimentations menées à bien une comparaison des résultats est effectuée. Avant la confrontation finale, il est nécessaire de traiter les données des expérimentations et des simulations afin de les mettre sur des formats comparables. Pour cela les données expérimentales suivantes sont collectées : longueurs des segments basées sur la distance entre deux marqueurs successifs, position de la barre sur le dos, masse de l'athlète, masse de la barre. Ces dernières sont implémentées à la simulation afin que l'algorithme génétique calcule la trajectoire qu'il considère comme optimale, c'est-à-dire minimisant la fonction coût. Cette trajectoire simulée est alors comparée à la trajectoire expérimentale de l'athlète en utilisant les critères suivants : vitesse angulaire du fémur au cours du temps, répartition des couples articulaires, position du centre de pression au cours du temps et kinogram du mouvement. Il apparaît tout d'abord que l'algorithme génétique permet de calculer une trajectoire réaliste, résultat important et encourageant. Ensuite on remarque que les couples articulaires maximums ne sont pas répartis de la même manière. En effet, la simulation demande un couple maximal plus élevé au niveau de la cheville plutôt que de la hanche, ce qui est l'inverse en réalité. Cette différence peut s'expliquer par le fait que, le modèle étant mécanique uniquement, il ne tient pas compte des masses musculaires disponibles à chaque articulation. Cette différence pourrait sans doute être corrigée en modifiant la fonction coût dans l'algorithme implémentée génétique et en implémentant le ratio couple / couple disponible en se basant sur des données de la littérature ou des mesures effectuées individuellement. La principale différence entre simulation et expérimentation réside dans la position du centre de pression au cours du mouvement. Selon l'algorithme génétique, le centre de pression du système {athlète + barre} devrait être positionné au-dessus des talons au début de la poussée et se déplacer progressivement jusqu'à se situer sous l'articulation métatarso-phalangienne à la fin de l'extension. D'après les expérimentations, le centre de pression effectue, indépendamment de l'athlète, de la charge ou de l'équipement utilisé, le trajet inverse. C'est cette constatation qui a monopolisé le temps de travail lors de la dernière année. Plusieurs hypothèses ont été formulées pour expliquer cette différence, notamment un manque de mobilité des Européens et un manque de stabilité de l'appui talon. Les recherches dans la littérature, tout comme les expérimentations, n'ont pu permettre de valider aucune de ces hypothèses. Finalement, bien qu'elle n'ait pu être étudiée en raison du manque de temps, la dernière hypothèse évoquée qui semble la plus prometteuse est que l'appui doit être sur l'avant du pied pour permettre la contraction des extenseurs de cheville. Cette hypothèse est d'ailleurs en accord la pratique des cyclistes qui placent leurs fixations de pédales sous l'articulation métatarso-phalangienne bien qu'ils pourraient en théorie les placer sous les talons.

Le travail effectué pour ce projet se veut innovant et prometteur. La méthodologie mise en place a permis de reproduire le mouvement humain pluri-articulaire de façon réaliste. Cette même méthodologie peut, à ce jour, être généralisée à d'autres activités sportives telles que le tir à l'arc ou le golf. Néanmoins, la simulation se trouve limitée quant à l'optimisation et il serait sans doute nécessaire de passer sur un modèle musculosquelettique pour prendre en compte les subtilités du mouvement humain. 

Chapter 1 Introduction

The first signs of weightlifting among people date back to 3500 BC. Evidence of people developing their strength before gyms existed has been found all over the world. In India, training was associated with military and religion, while in Ancient Greece, mythology contains various stories of gods lifting rocks. Furthermore, the statues of Greek gods confirm that a high value was placed on a well-trained body. Evidence of people training in ancient times has also been found in China, Ancient Egypt, and Scotland.

Nowadays lifting activities can mainly be separated into three competitive sports:

Weightlifting, powerlifting and strongman.

Weightlifting has been part of the Olympic Games since 1896, and after several changes in the lifts, it was decided in 1972 that it would consist of two events: the snatch (lifting a barbell overhead in one movement) and the clean and jerk (lifting a barbell overhead in two movements) [START_REF] Stone | Weightlifting: A Brief Overview[END_REF]. As lifters are required to bring the bar overhead, weightlifting is a sport that demands both acceleration and technical abilities. Therefore, some lifters argued that it did not solely demonstrate the pure strength of athletes. Consequently, powerlifting was created and gained popularity in the 1950s when the fitness industry started to thrive. The International Powerlifting Federation (IPF) has governed this sport since 1972. This 50-yearold sport requires maximal strength on three lifts: the squat, the bench-press, and the deadlift. [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF]. For a long time, only equipped competitions existed in which lifters wrapped their knees with bands and wore special suits for each lift to enhance their performance. However, since 2013, a classic division has also been established. Before the classic division existed, the strongest nations in powerlifting were Eastern European countries such as Russia and Ukraine. However, since 2012, the United States of America and Western

European countries have been growing stronger every year. In 2022, after the Open and Junior World Championships, France ranked as the top country worldwide in the junior division and second in the Open division.

In addition to being recognized as Olympic and World Games sports, powerlifting and weightlifting movements are used by athletes in many sports to increase their physical capabilities and enhance their performance. [START_REF] Mcguigan | Strength Training for Athletes: Does It Really Help Sports Performance[END_REF]. Nowadays, regardless of the sport, most elite athletes, whether in individual or team sports, have a strength and conditioning coach in addition to their sport coach. These coaches help athletes grow their muscle mass and gain strength. As a result, even though the injury rate of gym training is less than four injuries per 1000 hours of training, athletes take great care to train safely and prevent injury. [START_REF] Parkkari | Active Living and Injury Risk[END_REF], it is important for lifters and athletes using powerlifting and weightlifting movement to use a correct technique to limit those risks and improve fitness and performance.

In the literature, it seems widely accepted that different anthropometrical characteristics induce different movement strategies [START_REF] Cholewa | Anthropometrical Determinants of Deadlift Variant Performance[END_REF]), yet most studies on performance don't take segments lengths into account. This oversight, once transferred to the gyms, induce that the same technical instructions are often given to lifters with different anthropometry and training history. As they are not individualized, these instructions could be at best suboptimal for most athletes, not allowing them to express their full potential and, at worst, dangerous and causing injuries. The most striking example being to keep the knees from moving past the toes [START_REF] Fry | Effect of knee position on hip and knee torques during the barbell squat[END_REF].

This PhD is part of a large project that aims to develop an optimized, personalized virtual human model based on experimental measurements on athletes, with an evaluation of the risk of injury at the limits of performance. Models that calculate optimal technique based on limb length and joint torque production capabilities could be implemented in training to help athletes visualize the difference between how they currently move and how they should move. This approach could accelerate the learning phase, improve performance, and reduce the risk of injury [START_REF] De Stefani | Learning new sport actions: Pilot study to investigate the imitative and the verbal instructive teaching methods in motor education[END_REF]. The objective of this PhD was to develop the first skeletal model and test its major hypothesis on elite athletes.

Chapter 2 Context of the study and state of the art

Lifting

Lifting activities are mostly being studied for their impact outside of the gym. Actually, resistance training has many advantages:

-Maintain muscle mass for elderly people [START_REF] Saengrut | Can Muscle Mass Be Maintained with A Simple Resistance Intervention in the Older People? A Cluster Randomized Controlled Trial in Thailand[END_REF] -Increase bone density [START_REF] Benedetti | The Effectiveness of Physical Exercise on Bone Density in Osteoporotic Patients[END_REF][START_REF] Layne | The effects of progressive resistance training on bone density: a review[END_REF] -Increase sprint performance [START_REF] Comfort | Are changes in maximal squat strength during preseason training reflected in changes in sprint performance in rugby league players?[END_REF][START_REF] Styles | Effects of Strength Training on Squat and Sprint Performance in Soccer Players[END_REF] -Improve general health (American College of Sports Medicine, 1998;[START_REF] Westcott | Resistance training is medicine: effects of strength training on health[END_REF] Sit-to-stand, is very similar to a bodyweight squat. As it is the most demanding activity for elderly people and the main criteria for independency, its optimization has been deeply studied [START_REF] Bajelan | Musculoskeletal modeling and simulation of three various Sit-to-Stand strategies: An evaluation of the biomechanical effects of the chair-rise strategy modification[END_REF][START_REF] Bobbert | Searching for strategies to reduce the mechanical demands of the sit-to-stand task with a muscle-actuated optimal control model[END_REF][START_REF] Caruthers | What are the effects of simulated muscle weakness on the sit-to-stand transfer?[END_REF].

During their professional activity, many workers have manual material handling tasks, that can be compared to deadlift. These are the main risk factors for musculoskeletal disorders such as low-back pain, the most common painful condition human experienced [START_REF] Violante | Low-back pain[END_REF].

Once again, multiple studies exist on this topic as finding solutions to reduce the risk of injury is critical [START_REF] Denis | Questioning the value of manual material handling training: a scoping and critical literature review[END_REF][START_REF] Harari | Workers' biomechanical loads and kinematics during multiple-task manual material handling[END_REF][START_REF] Porta | Classifying diverse manual material handling tasks using a single wearable sensor[END_REF].

From a competitive point of view, sports that involve lifting weights include weightlifting, powerlifting, and strongman, with cross-training using movements from all three. However, as the International Olympic Committee (IOC) only recognizes weightlifting and powerlifting, this section will only focus on these two activities.

Weightlifting

Weightlifting was one of the sports introduced in the first modern Olympic Games in 1896.

Currently, this sport consists of two competition lifts carried out consecutively. The first lift is the snatch: it consists in taking the bar on the ground and lifting the weight off the ground to overhead in one movement. To perform the second movement, the athlete has to take the bar on the ground and lifts the weight off the ground to overhead in two movements: the clean and the jerk.

This mis-known sport has grown quite a lot since the advent of Crossfit [START_REF] Verass | The rise of CrossFit and its influence on women's weightlifting[END_REF]: a multisport practice, booming worldwide, combining mainly powerlifting, weightlifting, gymnastics and endurance sports. Therefore, training for Crossfit events requires learning and practicing the snatch and the clean and jerk. Several members of the USA weightlifting national team used to compete in Crossfit.

Firstly, it should be noted that weightlifting is a sport that is very well-suited to biomechanical analysis. This is because the sport is practiced in a small, defined area and the movements can be easily captured. The first studies on the subject were written in the 1940s and were later compiled into a manual published by the International Weightlifting Federation (IWF). [START_REF] Vorobyev | A Textbook on Weightlifting[END_REF].

A literature review was carried out on the snatch in 2014 [START_REF] Ho | Reviewing current knowledge in snatch performance and technique: the need for future directions in applied research[END_REF]. The snatch is widely considered to be the most technical lift in weightlifting, which is why it is more extensively studied compared to the clean and jerk. Additionally, the pull phase of the clean is very similar to that of the snatch, which means that the technical tips given for the snatch are often applicable to the clean as well. However, the jerk, which is the final phase of the clean and jerk, seems to be the least studied movement to date. Therefore, this state-of-the-art will focus on the two pulling lifts: the snatch and the clean.

Studies on the snatch [START_REF] Bai | Three-dimension kinematics simulation and biomechanics analysis of snatch technique[END_REF][START_REF] Campos | Kinematical Analysis of the Snatch in Elite Male Junior Weightlifters of Different Weight Categories[END_REF][START_REF] Gourgoulis | Comparative 3-dimensional kinematic analysis of the snatch technique in elite male and female greek weightlifters[END_REF][START_REF] Medvedev | Three Periods of the Snatch and Clean Jerk[END_REF][START_REF] Takano | Coaching optimal technique in the snatch and clean and jerk[END_REF] highlight the fact that this movement can be split up in 6 positions (1 It is admitted that, despite respecting the same rules and breaking down into phases, every lifter adopts his own technique based on his experience and morphology [START_REF] Gourgoulis | Comparative 3-dimensional kinematic analysis of the snatch technique in elite male and female greek weightlifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Stone | Analysis of Bar Paths During the Snatch in Elite Male Weightlifters[END_REF][START_REF] Wang | Chinese woman weightlifter snatch excellent biomechanical analysis technology[END_REF]. When an athlete has acquired the necessary skills and technique over time, their goal is to repeat the same movement as precisely and consistently as possible during each training session. This process is the same for all athletes, regardless of their age or experience level, as they strive to improve their performance through deliberate practice and repetition [START_REF] De Stefani | Learning new sport actions: Pilot study to investigate the imitative and the verbal instructive teaching methods in motor education[END_REF] To the best of my knowledge, there is no existing study that specifically identifies the learning process of the optimal technique for a given individual, nor the precise contribution of this technique to performance in weightlifting. While there have been studies that investigate the biomechanics of the snatch and clean and jerk, as well as the effects of different training programs and techniques on performance, a comprehensive analysis of the learning process and its impact on performance is still lacking. However, ongoing research in this area may provide more insight into these topics in the future.

/
During the snatch and the clean, two systems are in motion: the athlete and the bar.

The bar

It is quite easy to know precisely its movements thanks to a reflecting marker at the end of the bar and a camera; three data are then classically used.

The first one is the maximum height reached by the bar. The higher the bar goes, the more time the athlete will have to "get under" and catch it. This value, at the end of full extension, is about 70 % the size of the athlete [START_REF] Bai | Three-dimension kinematics simulation and biomechanics analysis of snatch technique[END_REF][START_REF] Campos | Kinematical Analysis of the Snatch in Elite Male Junior Weightlifters of Different Weight Categories[END_REF][START_REF] Stone | Analysis of Bar Paths During the Snatch in Elite Male Weightlifters[END_REF]. Some studies provide a range of height of 1.15m to 1.27m [START_REF] Campos | Kinematical Analysis of the Snatch in Elite Male Junior Weightlifters of Different Weight Categories[END_REF][START_REF] Gourgoulis | Snatch lift kinematics and bar energetics in male adolescent and adult weightlifters[END_REF][START_REF] Gourgoulis | Comparative 3-dimensional kinematic analysis of the snatch technique in elite male and female greek weightlifters[END_REF] which appears irrelevant, given that it is normal that a woman weighing less than 49kg

(smallest Olympic women category) measuring 1.50m does not raise the bar as high as a man weighing more than 109 kg (largest Olympic men's category) measuring 1.90m. The distance between the highest point reached by the bar and the level at which it is caught has also been identified as an efficiency factor of the technique [START_REF] Gourgoulis | Three-dimensional kinematic analysis of the snatch of elite Greek weightlifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Nagao | A Biomechanical Comparison of Successful and Unsuccessful Snatch Attempts among Elite Male Weightlifters[END_REF][START_REF] Wang | Chinese woman weightlifter snatch excellent biomechanical analysis technology[END_REF] If this distance is small, it means the athlete was able to "fall" and catch the bar quickly. However, the literature does not specify how to gain in efficiency during the catch but only observes the differences between high-performance athletes and amateurs [START_REF] Gourgoulis | Snatch lift kinematics and bar energetics in male adolescent and adult weightlifters[END_REF].

The second data usually analysed is the trajectory of the bar. Three typical S trajectories have been distinguished and are shown in Figure 2. [START_REF] Chen | The Relationship Between the Barbell Trajectories of Snatch and BCH Angles[END_REF]. A study has also found a correlation between the horizontal distance between the bar and athlete during the second pull and the success of the lift (Yi-Hsuan Chen and Hung-Ta Chiu, 2011). Additionally, a study by Gourgoulis [START_REF] Gourgoulis | Unsuccessful vs. successful performance in snatch lifts: a kinematic approach[END_REF] suggests that the total displacement vector of the pull (horizontal and vertical) is significantly different between successful and unsuccessful attempts. These results align with the principles of mechanics. As the goal of the lift is to raise the bar as high as possible, efforts made to move it in the sagittal plane are useless and can unnecessarily tire the athlete. Furthermore, the further the bar is from the athlete, the greater the lever arm, complicating the pull. However, these calculations, which may be obvious to a mechanical engineer, have never been published and only observations are reported.

The speed profile of the bar is the last data measured. During each pulling phase, the bar's speed increases, and it is crucial that this speed does not decrease during the transition phase when the bar is at knee level (Figure 1). During the successful lifts listed in articles [START_REF] Gourgoulis | Snatch lift kinematics and bar energetics in male adolescent and adult weightlifters[END_REF][START_REF] Gourgoulis | Comparative 3-dimensional kinematic analysis of the snatch technique in elite male and female greek weightlifters[END_REF][START_REF] Hoover | Biomechanical analysis of women weightlifters during the snatch[END_REF][START_REF] Liu | Comparative 3dimensional kinematic analysis of snatch technique between top-elite and sub-elite male weightlifters in 69-kg category[END_REF][START_REF] Okada | Kinematic Analysis of the Snatch Technique used by Japanese and International Female Weightlifters at the 2006 Junior World Championship[END_REF][START_REF] Stone | Analysis of Bar Paths During the Snatch in Elite Male Weightlifters[END_REF]) the bar's speed reaches its maximum at the end of the second pull, when the athlete is fully extended. Applying the fundamental principle of dynamics to the bar shows that for it to rise as high as possible, its maximum speed must be achieved when the athlete's feet leave the ground. For high-performance athletes, maximum bar speed is an essential factor for performance [START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF]. However, some studies on leisure lifters do not share this opinion [START_REF] Ho | Using three-dimensional kinematics to identify feedback for the Snatch: a case study[END_REF]. This result discrepancy probably arises from the fact that, at an amateur level, the learning process combined with the fear of getting under the bar is often problematic.

The lifter

The parameters analysed on the lifter are Joint angles, Double bending of the knees, Bar/cervical/hip angle.

A study on amateurs finds that the position of the joints when the bar takes off is directly linked to the success or not of the lift [START_REF] Ho | Using three-dimensional kinematics to identify feedback for the Snatch: a case study[END_REF]. At the same time, other studies have observed movement of the ankles, knees, and hips and plotted curves of these joint angles evolutions during the lift (Bai, X., Wang, H., Zhang, X., Ji, W., [START_REF] Bai | Three-dimension kinematics simulation and biomechanics analysis of snatch technique[END_REF][START_REF] Gourgoulis | Unsuccessful vs. successful performance in snatch lifts: a kinematic approach[END_REF][START_REF] Gourgoulis | Snatch lift kinematics and bar energetics in male adolescent and adult weightlifters[END_REF][START_REF] Gourgoulis | Comparative 3-dimensional kinematic analysis of the snatch technique in elite male and female greek weightlifters[END_REF][START_REF] Kim | Weightlifting load effect on intra-limb coordination of lower extremity during pull phase in snatch: Vector coding approach[END_REF][START_REF] Mastalerz | Biomechanical Analysis of Successful and Unsuccessful Snatch Lifts in Elite Female Weightlifters[END_REF][START_REF] Wang | Chinese woman weightlifter snatch excellent biomechanical analysis technology[END_REF][START_REF] Wang | Biomechanical analysis of the snatch performance of the Kharkiv university games weightlifting champion in weightlifting[END_REF]. Unfortunately, none of them has experienced modification of these parameters to increase performance. The results of the observation were also not compared with dynamic calculations on the {athlete + bar} system to compare the discrepancy between theory and practice and see if the strongest athletes are, as supposed in literature, stronger thanks to their technical qualities or, on the contrary, only thanks to their muscular capacities.

To get more upright and set themselves in a better position to create power during the second pull, the athletes bend their knees during the transition phase when the bar is over the knees.

This movement is called the double-bending knees and is a phenomenon regularly identified and interpreted as evidence that the stretch-shortening cycle of the leg extensors is used to increase the force on the second pull [START_REF] Gourgoulis | Three-dimensional kinematic analysis of the snatch of elite Greek weightlifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Ioc | Kinematic analysis of the barbell during the snatch movement of elite Asian weight lifters[END_REF][START_REF] Krol | The relationship between barbell velocity and ground reaction force of athletedevice system during the snatch[END_REF][START_REF] Stone | Weightlifting: A Brief Overview[END_REF]. Another possible interpretation is that this new position balances the lever arms to allow each muscle group to produce simultaneously maximum contraction to vertically accelerate the bar. Indeed, an extension of the hips alone, although the glutes, the hips extensors, are the most powerful muscles of the human body, could cause a greater displacement of the bar in the sagittal plane and less in the frontal plane.

Finally, the bar/cervical/hip angle has been analysed by two studies [START_REF] Chen | The relationship between barbell trajectories of snatch and BCH angles[END_REF][START_REF] Chiu | BCH angles of young female weightlifters during snatch movement[END_REF] both of which find that the lower this angle is during the transition phase and the second pull, the more chances there are of the lift being successful.

This confirms the finding that the closer the bar is to the body, thus reducing the lever arm, the more effective the movement is.

Future directions

Firstly, while several studies have observed the kinematic variables during the lift, only one has attempted to establish a link between these parameters and the success of the lift [START_REF] Ho | Using three-dimensional kinematics to identify feedback for the Snatch: a case study[END_REF]. Moreover, this study only had one novice participant and focused solely on joint angles at take-off. The literature review [START_REF] Ho | Reviewing current knowledge in snatch performance and technique: the need for future directions in applied research[END_REF] highlights the need for new studies to identify the key variables influencing lift success. This is the goal of the Ph.D. project, which aims to apply the laws of mechanics to identify these parameters before experimentation. This approach could enable the investigation of how modifying these parameters influences performance.

Secondly, the idea that a lifter's technique varies based on their morphology and physical abilities is widely acknowledged but not yet well-researched. However, individualizing the lifting technique is considered crucial to optimizing performance. Therefore, it is essential to delve further into this topic. By creating a personalized model for each athlete, as proposed in the Ph.D. project, it would be possible to numerically study the most promising techniques and compare them with observations to guide the athlete towards the most efficient and tailored movement. This approach could enable the athlete to realize their full potential and reduce the risk of injury.

Finally, while real-time feedback is more beneficial than feedback given over an extended period, none of the studies conducted to date have provided this feedback. However, by identifying critical parameters upstream and utilizing non-invasive and easy-to-setup biomechanical equipment, as proposed in the project, it may be possible to offer real-time feedback on the most promising technique. This approach could allow athletes to progress more quickly without adding volume to their training, thereby reducing the risk of injury and allowing for more recovery time.

Powerlifting

Powerlifting consists in 3 movements: Squat, Bench-press and Deadlift. It was created in the 30's by weightlifters finding that weightlifting wasn't expressing enough the absolute maximal strength. The first official competitions took place in the 70's with the creation of the International Powerlifting Federation (IPF) in 1973 [START_REF] Augustin | Powerlifting | sport[END_REF]. For a long time, only equipped lifting existed. Equipment (suits and knee wraps) were first created to protect lifters but, soon, became real performance enhancers [START_REF] Godawa | Comparing the effects of ten weeks of equipped vs. non-equipped training on performance in collegiate powerlifters 45[END_REF] and the best lifters were not necessarily the strongest but the ones who would have the best suit and knew how to gain the most of it (up to 25% performance increase in squat, 30% in bench press and around 10% in deadlift). As a result, studies published on powerlifting before the creation of the raw/ classic world championship, in 2012, cannot be considered relevant. The only ones that could be kept are those about Para powerlifting -classic bench press at the Paralympic games -which was first included as a Paralympic sport in 1984.

Although squatting and deadlifting both involve a double extension of the knee and hips, they differ significantly in their execution due to the positioning of the barbell. The barbell is held on the elbows during squats, and the extension is simultaneous. In contrast, during deadlifts, the barbell is on the floor, and the extension is not simultaneous. While there are relatively few studies on powerlifting as it is not an Olympic sport, it comprises the three main lifts that physical therapists use to enhance the physical qualities of athletes from all disciplines.

Therefore, there is a considerable amount of research on squats and bench pressing, especially on this issue. Additionally, squats are often compared to the sit-to-stand movement, which is the most demanding activity for elderly individuals and is well-documented. Furthermore, deadlifts are sometimes compared to handling, a demanding work task for many people that requires research to reduce the injury rate associated with it.

In 2019 was published a systematic review about classic powerlifting [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF] The subjects of the studies were anthropometrics (Ferland et al., 2020a(Ferland et al., , 2020b;;[START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF][START_REF] Reya | Factors Underlying Bench Press Performance in Elite Competitive Powerlifters[END_REF], polygenic profile [START_REF] Moreland | Polygenic Profile of Elite Strength Athletes[END_REF], stretching [START_REF] Spence | Stretching Practices of International Powerlifting Federation Unequipped Powerlifters[END_REF], programming [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF][START_REF] Godawa | Comparing the effects of ten weeks of equipped vs. non-equipped training on performance in collegiate powerlifters 45[END_REF][START_REF] Travis | Weight Selection Attempts of Elite Classic Powerlifters[END_REF][START_REF] Travis | Tapering and Peaking Maximal Strength for Powerlifting Performance: A Review[END_REF], rate perceived exertion (RPE) [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF], squat [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF][START_REF] Murawa | Muscle activation varies between high-bar and low-bar back squat[END_REF][START_REF] Sjöberg | Content Validity Index and Reliability of a New Protocol for Evaluation of Lifting Technique in the Powerlifting Squat and Deadlift[END_REF], bench press [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF][START_REF] Reya | Factors Underlying Bench Press Performance in Elite Competitive Powerlifters[END_REF][START_REF] Neto | Performance Differences Between the Arched and Flat Bench Press in Beginner and Experienced Paralympic Powerlifters[END_REF], and injuries [START_REF] Dudagoitia | Safety of powerlifting: A literature review[END_REF][START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF][START_REF] Sjöberg | Content Validity Index and Reliability of a New Protocol for Evaluation of Lifting Technique in the Powerlifting Squat and Deadlift[END_REF]. As this PhD is about movement optimization, only anthropometrics, kinematic, and technology are going to be developed in this state of art.

Anthropometrics

Regarding anthropometrics, [START_REF] Keogh | Anthropometric dimensions of male powerlifters of varying body mass[END_REF] found that male powerlifters tend to be very muscular individuals, exhibiting very high mesomorphism. This theory is also supported by (Ferland et al., 2020a) showing a high correlation coefficient between hip circumference/ height and waist circumference/height meaning that powerlifters tend to be compact and have a high muscular volume compared to their height. Relationship between bodyweight and absolute muscular strength exist and this relation is even stronger between lean body weight and muscular strength. As a result, the study by [START_REF] Marković | Modeling the influence of body size on weightlifting and powerlifting performance[END_REF] expressed the importance of adjusting performance in powerlifting and weightlifting to height in addition to muscle mass. This in-lights again the importance of anthropometric in performance. [START_REF] Keogh | Anthropometric dimensions of male powerlifters of varying body mass[END_REF] studied only the powerlifting lifted total which is the sum of the heaviest squat and bench-press and deadlift succeeded. They found they powerlifters have large girths and bony breadths and relatively average segment length/ratios. The fact that they did not find segment ratio tendency could be explained as they have only studied the powerlifting total and not the load lifted for each movement. Actually, what seems to be the optimal ratio tends to differ between lifts. For example, people with shorter arm have less range of motion in bench press but more in deadlift. As a result, if ones want to see the impact of anthropometrics on performance, the squat, bench-press and deadlift should be studied independently. This theory is supported by [START_REF] Reya | Factors Underlying Bench Press Performance in Elite Competitive Powerlifters[END_REF] that have shown that the brachial index was strongly associated with 1RM bench press. The influence of anthropometric on deadlift variant performance was studied in the article of [START_REF] Cholewa | Anthropometrical Determinants of Deadlift Variant Performance[END_REF]. To do so, they took deadlift naïve subjects and, after measuring their segment lengths, made them test their 1RM with two different positions, conventional and sumo, in random order. Then, they tried to correlate segment length and ratio with deadlift preference. Actually, none of these studies did case series and tried to explain how and why anthropometrics was influencing performance. In addition to this, mastering a lift take years and, in studies using naïve or recreational athletes, the results tend to be different that the ones on elite athletes, as shown by [START_REF] Glassbrook | The High-Bar and Low-Bar Back-Squats: A Biomechanical Analysis[END_REF]. As a result, the reason they have pulled heavier on one variation rather than one the other could be because of their muscular weakest link or just that they got used to lifting a weight from the floor and performed better on the second 1RM test. These reasons could explain why they [START_REF] Cholewa | Anthropometrical Determinants of Deadlift Variant Performance[END_REF] have never reached significance on how anthropometrics affect deadlift stance preference, even though the tendency seemed the right one to powerlifters. Even though it's not perfect, a better way to assess determinants lifting performance, would be to measure segment length of experienced lifters who've tried to master their lifting techniques and see how these ratio correlate with their performance in squat, bench-press and the 2 types of deadlift.

Furthermore, neither was studied how people with different anthropometrics and especially segment length ratio could have different muscle and bar trajectory strategies to lift the most weight, what would be the beginning of an individualization process.

Kinematics

Kinematic of squat was the most studied of the 3 lifts, the reasons for this could be that squatting movement has many variations such as squat jump or counter movement jump that are used for athletes of different sports or sit-to-stand which is the most demanding action for elderly people. The downside of it is that only few of these studies are made on the "powerlifting" squat (back squat with low bar position) and only [START_REF] Glassbrook | The High-Bar and Low-Bar Back-Squats: A Biomechanical Analysis[END_REF][START_REF] Hecker | Effects of the Safety Squat Bar on Trunk and Lower-Body Mechanics During a Back Squat[END_REF][START_REF] Mclaughlin | Kinetics of the Parallel Squat[END_REF][START_REF] Swinton | A Biomechanical Comparison of the Traditional Squat, Powerlifting Squat, and Box Squat[END_REF][START_REF] Van Den Tillaar | The Effects of Barbell Placement on Kinematics and Muscle Activation Around the Sticking Region in Squats[END_REF] made their studies on the movement of experienced lifters with samples going from 10 to 18 athletes. As a result, for most variables, they could not reach significance. The lack of elite lifters in studies could be explained by the rigidity of the experimental protocols. Powerlifting is a very organized sport and athletes usually have training plans they are strictly following up to 20 weeks before competitions. As a result, most of them would not volunteer to participate in studies that would disturb their training and slower their progression.

Yet, [START_REF] Glassbrook | The High-Bar and Low-Bar Back-Squats: A Biomechanical Analysis[END_REF] compared elite and recreational lifters doing high bar and low bar back squat and found significant differences between both type of lifters and "indicates that resistance trained individuals should not be compared/combined with well-trained athletes when comparing such a technical movement as the High Bar Back Squat (HBBS) or Low Bar Back Squat (LBBS) as there is an apparent influence of expertise on the performance of these techniques".

A first solution to that would be, as it has widely been done in weightlifting, [START_REF] Akkuş | Kinematic analysis of the snatch lift with elite female weightlifters during the 2010 World Weightlifting Championship[END_REF][START_REF] Harbili | A gender-based kinematic and kinetic analysis of the snatch lift in elite weightlifters in 69-kg category[END_REF][START_REF] Ikeda | Comparison of the snatch technique for female weightlifters at the 2008 Asian championships[END_REF] to use video footage of national and international competition to measure kinematics, the difference between both sports being that there are no spotters in weightlifting but there can be up to 5 around a lifter in powerlifting, what makes the acquisition more difficult. Another solution is that, instead of forcing athletes into a special protocol, it could be interesting to acquire their planned training and then cluster the acquisitions based on the technique / %1RM / sex and so on. This type of acquisition could attract more lifters and enable searchers to create a huge exploratory database on which they would be able to study more than one aspect.

That being said, out of the 5 studies, 4 are about the influence of changing parameters (barbell placement or type) on the kinematics of the squat. [START_REF] Glassbrook | The High-Bar and Low-Bar Back-Squats: A Biomechanical Analysis[END_REF] found the same kinetics between LBBS and HBBS despite greater absolute loads being lifting in LBBS. Even though they suggest that LBBS is a more efficient technique they could not explain why. One could suggest that they should have clustered their group of participants to see if anthropometrics were to influence technique preference and performance. [START_REF] Hecker | Effects of the Safety Squat Bar on Trunk and Lower-Body Mechanics During a Back Squat[END_REF] studied the difference between a standard barbell and a safety squat barbell (SSB), they found a decrease of performance around 11% with the SSB as well as an increase in activation in the lower trapezius (+50.3%). No significant results about the kinetics and kinematics were found once again. [START_REF] Swinton | A Biomechanical Comparison of the Traditional Squat, Powerlifting Squat, and Box Squat[END_REF] compared the traditional squat with the powerlifting squat and box squat. According to them, a traditional squat is performed with a narrow stance and knees travelling past the toes, while a powerlifting squat is with a wider stance and vertical shin. In their protocol, they made the subjects use the 3 conditions (traditional vs powerlifting vs box) at 3 different loads of 30/50/70% of their competition squat 1RM in random order with only 2min rests between each condition. Adapting to a technique takes repetitions and by changing between techniques and loads with no warm up, there is little chance that the technique is going to be optimal for each condition. In their study, [START_REF] Van Den Tillaar | The Effects of Barbell Placement on Kinematics and Muscle Activation Around the Sticking Region in Squats[END_REF] used low bar and high bar squatting only, they made their subject find the heaviest load the can do 5 repetition with, also called the 5 repetition maximum (5RM) in one condition and then switch to the other. To have comparable values they equated the stance width as well as the shoe condition and the load used for comparison (weightlifting shoes) for both tests. The conclusions were that there is no difference in barbell and joint kinematics between both conditions but an increased muscle activity in the rectus femoris, vastus medialis, and lower part of the erector spinae with the high-bar condition. One reason could be that because the absolute load is the same, the lifters are easier in the low bar squat condition and do not adapt their technique as they would be closer to failure. The other reason for not reaching significance, as expressed earlier, could be because of the small sample size once again.

Finally, even though it is the oldest study, [START_REF] Mclaughlin | Kinetics of the Parallel Squat[END_REF] studied the kinematic of the back squat of some the US Senior National lifters and found the most detailed results:

-Trunk extensors produce the biggest torque during the parallel squat, more then shank and thigh ones.

-The difference between static, quasi-static and dynamic calculus differ from less than 10%.

Technology

As the objective of the PhD is the movement itself and not the genetic nor the programming part of powerlifting, the articles about polygenetic, programming and RPE (a subjective way to assess difficulty of the training) won't be developed here. The main fact is that individualisation is already studied in the programming field, mainly with RPE or Velocity

Based Training [START_REF] Suchomel | Training for Muscular Strength: Methods for Monitoring and Adjusting Training Intensity[END_REF], so why does it not exist in the technical area ?

Competitive squat was only studied to measure the differences between high bar and low bar back squat [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF][START_REF] Murawa | Muscle activation varies between high-bar and low-bar back squat[END_REF]. The results are that low bar back squat tends to enhance performance as well as the activation of the posterior muscle chain. The gluteus maximum is the main extensor of the hip joint and also the strongest muscle of the human body. As a result, it seems logic that, by lifting low bar, the level arm at the hip is going to increase and so does the gluteus maximum recruitment. These ideas could be the start of an optimisation process based on muscular strengths and weaknesses of an athlete.

Biomechanic for sport performance 2.2.1 Mechanics in sports

The application of mechanical principles is one of the most used way to analyse movement efficiency and strategy; their accuracy and limitations have been studied by [START_REF] Smith | Application of Mechanical Modeling to Sport Biomechanics[END_REF]. The conclusions are that even a point mass model can be enough to demonstrate some major principles such as the efficiency of a rowing technique compared to the other. Also, rigid body model can be used to apply inverse dynamic, calculate the joint torques and measure the power;

this calculus were also proven to be effective in the rowing action by [START_REF] Smith | Application of Mechanical Modeling to Sport Biomechanics[END_REF].

Mechanical factors have also been used to understand injuries such as low back pain [START_REF] Nourbakhsh | Relationship Between Mechanical Factors and Incidence of Low Back Pain[END_REF] as well as to model overuse injuries occurring in sport [START_REF] Edwards | Modeling Overuse Injuries in Sport as a Mechanical Fatigue Phenomenon[END_REF]. In the later article, injuries are treated as mechanical constraints and loading cycles, cumulative load and magnitude are used to study the mechanical fatigue in biological tissue, which provides foundation for future research on the topic.

However misconceptions exist regarding the application of mechanical principles in biomechanics as [START_REF] Vigotsky | Mechanical misconceptions: Have we lost the "mechanics" in "sports biomechanics[END_REF] expressed in their article. According to him, Newton's third law, scalar and vector quantities as well as weight and gravity are often incorrectly applied to models, thus leading to errors.

Need for individualization

Individualisation has already been studied in many fields and mostly on adapting the teaching modality to the student. Liu et Zhu conducted a study on sports biomechanics students with different teaching modes based on the profiling of each student [START_REF] Liu | Individualized New Teaching Mode for Sports Biomechanics based on Big Data[END_REF]. The results of the studies were very conclusive and support the effectiveness of individualization.

Individualisation in the sport field is mostly being studied regarding the training modalities.

Baptista [START_REF] Baptista | Football training specificity, Training individualization within the collective periodization (A dissertation for the degree of Philosophiae Doctor[END_REF] measured that, depending on the position on field, players would not have the same amount of high-intensity runs, accelerations, decelerations and sprints during the game. Its conclusion is that each player should train according to the demands of its position. The same logic was applied by Boichuk et al. regarding the basketball coordination preparation [START_REF] Boichuk | Individualization of basketball players (Girls) coordination preparation at the stage of preparation for the highest achievements[END_REF]. Their factor analysis revealed four factors of the preparedness of players: rapid reconstruction of motor actions, kinaesthetic differentiation, complex reaction and spatial orientation. To them, the training program of each player should be balanced between these factors depending on the capabilities of the athlete. Even though they did not find significant results, studies were also conducted on the force velocity profiling as well as the personalised motor imagery [START_REF] Lindberg | Should we individualize training based on force-velocity profiling to improve physical performance in athletes?[END_REF][START_REF] Lindsay | Effects of personalised motor imagery on the development of a complex weightlifting movement[END_REF].

Another way of individualizing training could be to adapt the technic to the anthropometry of the athlete. As the Figure 4 shows, people with different anthropometrics cannot move the same way. Anthropometrics have been studied in the literature as a performance factor for running and swimming [START_REF] Black | The Anthropometry of Economical Running[END_REF][START_REF] Mooses | Anthropometrics and Body Composition in East African Runners: Potential Impact on Performance[END_REF][START_REF] Morais | Young Swimmers' Anthropometrics, Biomechanics, Energetics, and Efficiency as Underlying Performance Factors: A Systematic Narrative Review[END_REF]). It appears that swimmers with higher arm span and hand length are better in sprint performance and that East African runners, who are part of the best runners in the world, tend to have a higher legs/trunk ratio. The general knowledge is that elite athletes do have an optimal technique [START_REF] Enoka | The pull in olympic weightlifting[END_REF].

But if elite athletes of one sport have the same anthropometrics, does it make sense to teach the same movement to athletes with different anthropometrics? Even if they do not have the optimal limb length ratio to become the best in their sport, couldn't it be interesting to help those athletes optimize their capacity whatever their anthropometrics?

The only study that exists on the technique change regarding anthropometrics was about the barbell trajectory in the snatch lift [START_REF] Musser | Anthropometry and Barbell Trajectory in the Snatch Lift for Elite Women Weightlifters[END_REF]. Searchers used footage of an international competition to measure horizontal displacement of the barbell during the lift knowing from measurements of the lengths of the lifters' segments. They found that, in a same bodyweight category, elite women weightlifters would have a different horizontal displacement depending on their thigh and trunk lengths. This finding supports the theory that technical instructions should be personalised for each athlete.

Capturing movement

Different systems exist to capture movement in the sport field and can be divided into four measurement system categories: Electromagnetic Systems (EMS), Image processing systems (IMS), Optoelectronic systems (OMS) and Inertial Measurement Unit (IMU).

EMS might be the most known and used one. Also referred to as GPS, it can be used in outdoor and indoor team sport such as soccer, rugby or basketball to track the motion of players during the games. This technology is made of a small box placed in a sport bra that can be used both in training and on game day.

Even though this GPS can measure with 90% accuracy [START_REF] Rampinini | Accuracy of GPS Devices for Measuring High-intensity Running in Field-based Team Sports[END_REF] the total distance (TD), high-speed ratio (HSR > 4.17m.s-1), very high-speed ratio (VHSR > 5.56m•s-1), mean power (Pmean), high metabolic power (HMP > 20 W • kg-1) and very high metabolic power (VHMP > 25 W•kg-1), it cannot inform scientists on the movement strategy used by players to create motion, which is the goal of this PhD. As a result, this technology is not suited for this study.

IMU is a technology that can recognize the orientation of a device by combining an accelerometer, a gyroscope as well as a magnetometer. As for EMS, IMU is minimally invasive and can be used in large spatial volumes. In addition, devices can be put on each limb of a subject to calculate precisely the acceleration of each one. The main problem with this technology is that it cannot be used to calculate position and, if the signal is integrated, large integration drift would appear.

OMS are the most accurate measurement systems of all and are often referred to as the gold standard in the literature [START_REF] Corazza | Markerless Motion Capture through Visual Hull, Articulated ICP and Subject Specific Model Generation[END_REF][START_REF] Rampinini | Accuracy of GPS Devices for Measuring High-intensity Running in Field-based Team Sports[END_REF]. OMS uses active or passive markers fixed on anatomical sites of the athlete and special cameras that detect the light of the markers and there position by triangulation. The validity of OMS was studied by [START_REF] Furtado | Comparative Analysis of OptiTrack Motion Capture Systems[END_REF]Nagymáté et al., 2018;Nagymáté and Kiss, 2018;[START_REF] Nagymáté | Application of OptiTrack motion capture systems in human movement analysis[END_REF]. According to [START_REF] Furtado | Comparative Analysis of OptiTrack Motion Capture Systems[END_REF] who studied the Optitrack TM devices (the same cameras available at the lab), the measurement error depends on the camera model chosen and, for a velocity of 0.2m/s -the average squat velocity-the average error should be between 0.005m for the weakest camera and 0.0025m for the best one. As the amplitude of the squat movement is around 50cm for the knees, hips and shoulders, the average error should represent less than 1% of the total movement. The main drawbacks of this technology are: it can only be used in restricted area [START_REF] Begon | Computation of the 3D kinematics in a global frame over a 40m-long pathway using a rolling motion analysis system[END_REF] with at least two cameras in line of site of each marker [START_REF] Panjkota | Outline of a Qualitative Analysis for the Human Motion in Case of Ergometer Rowing[END_REF][START_REF] Spörri | Collecting Kinematic Data on a Ski Track with Optoelectronic Stereophotogrammetry: A Methodological Study Assessing the Feasibility of Bringing the Biomechanics Lab to the Field[END_REF] and without interfering lights [START_REF] Spörri | Collecting Kinematic Data on a Ski Track with Optoelectronic Stereophotogrammetry: A Methodological Study Assessing the Feasibility of Bringing the Biomechanics Lab to the Field[END_REF].

The difference between active and passive markers is that active ones give more accurate data but need cables and batterie, which can prevent some athletes from having enough freedom to move. Finally, this system needs to be calibrated every time the set-up is altered. To sum up, this technology is a lab one and can't be transferred on field measurement. In lifting sports, for example, even if the area of movement is fixed and restricted, lights, spotters and vibrations of the bars falling on the floor could alter the calibration and prevent from having good acquisitions.

The last technology is IMS. The most known IMS is the Kinect TM sensor used for gaming [START_REF] Bt Ismail | The applications of Microsoft Kinect for human motion capture and analysis : A review[END_REF]. The principle of this technology is to use cameras to capture movement and digitally analyse it afterward. The main advantage of this technology is that it is vision based while the other systems were sensor based [START_REF] Zhong | Real-time view recognition and event detection for sports video[END_REF]). As a result, it can be implemented to capture data in competition of individual sport, even in larger volumes. The main drawbacks are that most of the time the movement recognition is not realtime as the videos need to be processed to recognize motion. Furthermore, its accuracy is around 0.05m and degree errors can be up to 10° [START_REF] Fernandez-Baena | Biomechanical Validation of Upper-Body and Lower-Body Joint Movements of Kinect Motion Capture Data for Rehabilitation Treatments[END_REF] while the OMS one is 0.01m, which is not the best for precision acquisition.

As our study is about an individual indoor sport practiced in a small area, the technologies used will be IMS and OMS.

Another way to capture data is to use force plate to measure the centre of pressure of the system as well as the direction and intensity of the force applied on the ground. Even though it is possible to calculate this data by derivation of the position of the joints knowing the mass and inertia of the segment, having a force plate enables to visualize in real time the forces and suppress the errors that could appear with the inertia approximation of the segment and possible lack of accuracy of acceleration signals. In the past years, portable force plates have been developed that can be implemented in the training areas.

If one wants to implement a musculoskeletal model, or measure the activation of muscles throughout the movement, it is also possible to use surface electromyography (EMG). This technology consists in wireless electrodes fixed on the skin. The electric potential between both electrodes is then calculated to measure the Central nervous system (CNS) command to the muscles [START_REF] Merletti | Tutorial. Surface EMG detection in space and time: Best practices[END_REF]. EMG are widely used in sport biomechanics [START_REF] Taborri | Sport Biomechanics Applications Using Inertial, Force, and EMG Sensors: A Literature Overview[END_REF] but are not mandatory in kinetics modelling.

Modelling movement

Musculoskeletal and especially subject specific modelling has grown in popularity with the advances of computing power. Its use may enhance the understanding of scientist regarding the kinetic, kinematic and muscle recruitment of different movements arising from manual material handling [START_REF] Skals | Effects of load mass and position on the dynamic loading of the knees, shoulders and lumbar spine during lifting: a musculoskeletal modelling approach[END_REF] to sit-to-stand [START_REF] Bobbert | Searching for strategies to reduce the mechanical demands of the sit-to-stand task with a muscle-actuated optimal control model[END_REF] or sport performance [START_REF] Nakashima | Simulation study to elucidate the mechanism of ollie jump in skateboarding[END_REF].

In the literature, most biomechanical models are developed on dedicated simulation softwares such as OpenSim TM [START_REF] Delp | OpenSim: open-source software to create and analyze dynamic simulations of movement[END_REF] or The AnyBody Modelling System TM (AMS) [START_REF] Damsgaard | Analysis of musculoskeletal systems in the AnyBody Modeling System[END_REF]. The advantage of using such softwares is mainly the gain in time.

The human is a complex system and, to simulate accurately the gait, the simplest legs models have more than 35 degrees of freedom and 80 muscle tendon units [START_REF] Rajagopal | Full-Body Musculoskeletal Model for Muscle-Driven Simulation of Human Gait[END_REF].

Hence, most of the studies on motion simulation were made using premade models on dedicated softwares [START_REF] Bajelan | Musculoskeletal modeling and simulation of three various Sit-to-Stand strategies: An evaluation of the biomechanical effects of the chair-rise strategy modification[END_REF][START_REF] Caruthers | What are the effects of simulated muscle weakness on the sit-to-stand transfer?[END_REF][START_REF] Myers | A probabilistic approach to quantify the impact of uncertainty propagation in musculoskeletal simulations[END_REF][START_REF] Rajagopal | Full-Body Musculoskeletal Model for Muscle-Driven Simulation of Human Gait[END_REF][START_REF] Roelker | Interpreting Musculoskeletal Models and Dynamic Simulations: Causes and Effects of Differences Between Models[END_REF][START_REF] Schellenberg | Review of Modelling Techniques for In Vivo Muscle Force Estimation in the Lower Extremities during Strength Training[END_REF][START_REF] Skals | Effects of load mass and position on the dynamic loading of the knees, shoulders and lumbar spine during lifting: a musculoskeletal modelling approach[END_REF][START_REF] Tunstall | Are subject-specific musculoskeletal models robust to the uncertainties in parameter identification?[END_REF]. As the human body is composed of around 600 muscles with individual internal moment arms, it is nearly impossible to create a perfect musculoskeletal model and, when implementing the same markers movement on different models, they provide different answers based on which and how muscles have implemented. Those differences were measured by Roelker et al [START_REF] Roelker | Interpreting Musculoskeletal Models and Dynamic Simulations: Causes and Effects of Differences Between Models[END_REF] between four models to simulate the gait, they found differences up to 462 N peak rectus femoris force, which means that depending on the objective of the studies, maybe using a generic model is not the best option to have precise values.

Also, OpenSim TM and AMS TM enable measuring kinetics on recorded motions but until recently with the Moco extension [START_REF] Dembia | OpenSim Moco: Musculoskeletal optimal control[END_REF], they did not allow for optimization of the movement. Hence, if one wanted to do both, they might have to develop their own numerical model.

As a result, to control the possibilities of the model and to optimize its motion, it might be more interesting to develop a simpler mathematical version displaying the features needed for the sport movement rather than to use a generic model.

Simulation and optimization

Rahmati and Mallakzadeh [START_REF] Rahmati | Prediction of weightlifter's motor behavior to evaluate snatch weightlifting techniques based on a new method of investigation of consumed energy[END_REF] explained in their article the two methods to find an optimal technique. According to them too, "the optimum technique varies among athletes, since the anthropometric body dimensions vary". This is the reason why they chose not to record the motion of champion weightlifters, but they rather chose to use a mathematical model and find an optimal trajectory. To do so, they used Minimax approach with multi-objectives functions based on normalized total torque, power and barbell vertical velocity. The barbell vertical velocity being added because in weightlifting, as the bar needs to finish above the head, one criterion is to give the bar the highest vertical velocity.

Once the objective functions are chosen, constraints need to be applied to create a realistic model. In weightlifting kinematic, kinesiology, physiology, balance maintenance and noninterference constraints had to be prescribed. In squat, as the bar is maintained still on shoulders, the same constraints, except non-interference, should be imposed.

All those data are then implemented into a genetic algorithm for the optimization process. They used the genetic algorithm between t and t + dt on each time. Using this strategy instead of an optimization on the full trajectory has the advantage to save computation time and could also lead to create a trajectory that minimizes only a little the objective function at the beginning but could lead the model into such a position that is far from optimal in the middle of the trajectory. Hence, a better genetic algorithm should work on the full trajectory instead of a step by step basis.

Glazier explores in his article how can biomechanical feedback be used to enhance sports performance [START_REF] Glazier | Beyond animated skeletons: How can biomechanical feedback be used to enhance sports performance[END_REF]. The main problems regarding biomechanical feedback are the accuracy of the data collected depending on the sensors used as well as the choice of data to collect and how they will provide knowledge on the captured movement. The three aspects of sport gesture are coordination, control and performance. Using the kinematic data as well as the outcome of the motion, it is easy to give feedback on performance and coordination. The problem is completely different for control which can be defined as "an outcome of coordination" [START_REF] Glazier | Beyond animated skeletons: How can biomechanical feedback be used to enhance sports performance[END_REF]. Hence, coordination is how the body organises itself to move that way and is not measurable by sensors. To the author, as mathematical models only capture a small part of the human organization, they cannot calculate the intrinsic coordination of the athlete nor provide an individual optimum technique. Hence, to help elite athletes achieve their optimal performance, the best way to use biomechanics would be to capture kinetic as well as kinematic data regularly to have data about how the athlete moved when he felt and performed the best and try to channel him toward this goal all year long.

Conclusion on the state of art and PhD objectives

The existing literature on lifting mainly focuses on the squat movement but only describes it as well as the influence of outside parameters modification on the outcome. Our goal is to innovate and, as Rahmati and Mallakzadeh [START_REF] Rahmati | Prediction of weightlifter's motor behavior to evaluate snatch weightlifting techniques based on a new method of investigation of consumed energy[END_REF] did, to try to simulate and optimize the numerical model of the athlete, to compare with experiments and understand the underlying coordination needed to be performed.

On the contrary of the actual literature and as [START_REF] Glazier | Beyond animated skeletons: How can biomechanical feedback be used to enhance sports performance[END_REF] suggested, movement will be captured in training conditions without forcing the athletes onto a special protocol. That way, more athletes will likely take part in the project and help create a larger exploratory database.

Once this is done, kinematic and kinetic data will be clustered to find what athletes with the same movement pattern have in common and what differs between athletes with different patterns.

The main goal of this project is to understand the anthropometrics factors that affect squat technique to tend toward an individualized optimum model.

Chapter 3 Modelization

3.1 Creation of the mechanical model

General Hypotheses

The human is a complex system and, to model it, it is necessary to make simplifying assumptions. To study movement, it is important to use, at least, a skeletal model. In addition, some studies also implemented muscles to create a musculoskeletal model. As expressed in the state of art, Roelker enlighten that model complexity could enhance the differences between experimental measures and simulation [START_REF] Roelker | Interpreting Musculoskeletal Models and Dynamic Simulations: Causes and Effects of Differences Between Models[END_REF]. To control the complexity of our model, the decision was made to develop our own skeletal model so it can be mastered and implemented on a generic platform such as Matlab ™ . The general hypotheses of this model (Figure 5) were: 

Development of the discrete model

According to [START_REF] Mclaughlin | Kinetics of the Parallel Squat[END_REF] the squat motion can be reasonably modelled as a quasi-static motion. Hence this was chosen as a first approximation. To begin, the variables needed for the model were defined.

-The human body was separated into four rigid bodies: foot, leg, upper leg and trunk.

These segments were the same as those used in other articles [START_REF] Flanagan | The Limiting Joint During a Failed Squat: A Biomechanics Case Series[END_REF][START_REF] Glassbrook | The High-Bar and Low-Bar Back-Squats: A Biomechanical Analysis[END_REF][START_REF] Mclaughlin | Kinetics of the Parallel Squat[END_REF][START_REF] Van Den Tillaar | The Effects of Barbell Placement on Kinematics and Muscle Activation Around the Sticking Region in Squats[END_REF] except for the foot which was added. The foot length was taken as the distance between the toes and the malleolus. The trunk was considered as one straight rigid body from the hip to the shoulders.

-The position of the bar was defined as the distance between the 7 th cervical vertebra and the bar. The bar was considered fixed on the vertebral column without any horizontal offset.

-The mass of the bar was entered and divided by 2 as only the left side of the body is modelled -The distribution of the bodyweight mass was taken from the previous DXA results of a French powerlifter, see Table 1, and divided by 2 -The centre of mass position of each segment was taken from research data of [START_REF] Dempster | Properties of body segments based on size and weight[END_REF] and the segments were considered as point masses placed at the centre of mass of each limb.

-The glute mass was not specifically considered -The head was not modelled Then, the ranges of motion were defined:

-To respect the IPF rule (International Powerlifting Federation, 2022) the upper leg needs to be around 5° under parallel (see Figure 6), this approximation was confirmed by calculus on athletes of different bodyweights. The upper leg range of motion was set from -5° to 90° (stand erect).

Female -52kg

Measure: 9°

Female -69kg

Measure: 5°

Male -83kg

Measure: 6°

Male -105kg

Measure: 5°

Figure 6: Angle between the femur and the surface of the thigh at the beginning of the concentric phase -The ankle flexion mobility is set at 50° from literature data [START_REF] Burns | Weight bearing ankle dorsiflexion range of motion in idiopathic pes cavus compared to normal and pes planus feet[END_REF]. The range of motion of the ankle was set from 90° (stand erect) to 140°

relative to the ground -As the foot is considered as a rigid link going from toes to the malleolus, it is not horizontal. The angle between the horizontal from the metatarsophalangeal joint and the foot was calculated on video footages and set at 18°(Figure 8). If the athlete wears weightlifting shoes with elevated heels, it is possible to modify and increase the angle.

The toes of the lifter were considered at the origin and the angle of the foot was set constant during all the lift.

-The common knowledge is that the centre of mass of the total system {lifter +bar} needs to be above the mid of the foot during all the lift.

The hypotheses listed above are presented in ▪ Calculate the positions of the joints with a vertical trunk

• 𝑥 𝑂 𝑖 𝑘 = 𝑥 𝑂 𝑖-1 𝑘 + 𝑂 𝑖 𝑂 𝑖-1 * cos(𝛼 𝑖 𝑘 ) • 𝑦 𝑂 𝑖 𝑘 = 𝑦 𝑂 𝑖-1 𝑘 + 𝑂 𝑖 𝑂 𝑖-1 * sin (𝛼 𝑖 𝑘 )
• The joint between the upper leg and trunk is located at the hip • The joint between the leg and upper leg is located at the centre of the knee

• The joint between the foot and the leg is the malleolus ▪ If this distance is more than the hip to bar distance 𝐴 1 : set the configuration as impossible, see Figure 10 • 𝐴 1 𝑘 = 𝑎𝑏𝑠(𝑦 𝐺 4 +𝐺 𝑏 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑘 -𝑦 𝑂 4 𝑘 ) 

•

3-Result

The same principle is applied to S3+S4 and S2+S3+S4 and, once projected on the ground base, the muscular torques are: 

𝑇 34 = 𝑤 𝑏 *

Criteria

To respect the IPF rulebook (International Powerlifting Federation, 2022), the lifter needs to reach a position with its upper leg under parallel, then, he has to extend his knees and hips to stand fully erected (upper leg vertical). As any downward movement is not permitted during the squat, the upper leg must increase its angle between the two extreme positions. Hence, the motion is conducted by the position of the upper leg, from under horizontal to vertical. The motion pattern can be described as the position of the body for each inclination of the upper leg.

Different criteria were first tested:

- o Problem: Whatever the coefficients, the result is one end of the spectrum and no "in between" is reachable (Figure 13). As no studies existed on the use of these criteria to optimize the motion, it was not possible to choose which one would led to the most efficient pattern.

Regarding the cost function, the fact is that, if the centre of pressure is above mid foot during the movement, all the reachable positions have the same sum of absolute torques (Table 3).

Hence it was not possible to use this as an optimization criterion. The literature was studied and another criteria was looked for, the result was that many studies on sport performance use The French literature [START_REF] Leboeuf | Construction et illustration des différentes formulations biomécaniques du coût énergétique d'un geste sportif[END_REF] provided us with a formula using a local energy approach that we decided to apply to all previously found trajectories.

.

To calculate the energy consumed during the squat:

- 

Optimization

As we thought, the trajectory minimizing the energy consumed was the one with the smallest difference in potential energy for the bar but, at this time, it is not possible to know if this trajectory is the most economical of all or not.

Hence, we faced on optimization problem. The possible positions for each depth being discretized, it is easily possible to calculate the number of trajectories. Between 45 and 61 positions were possible for each of the 96 depth angles, hence 61 96 =2,46*10 171 trajectories were possible. As our cost function took 0,00266s to calculate the energy of one trajectory, around 2,08*10 161 years would be needed to find the optimal trajectory with an exact calculation.

Thus, it was needed to use an Evolutionary Algorithm to find the solution. In the papers from the literature which talk about optimization problem, genetic algorithms were used [START_REF] Bobbert | Searching for strategies to reduce the mechanical demands of the sit-to-stand task with a muscle-actuated optimal control model[END_REF][START_REF] Rahmati | Prediction of weightlifter's motor behavior to evaluate snatch weightlifting techniques based on a new method of investigation of consumed energy[END_REF]. The choice was made to follow the same process for our model.

Initial population

It was chosen to initialize the population with 100 different cases.

To make sure the algorithm would not converge to a local minimum it was important to spread the parents across the surface. To do so a matrix C of size 100*2 was created with random integers from 1 to k (the number of 𝛼 2 𝑘 values). Another matrix D of sizes 100*j (the number of 𝛼 3 𝑗 values) was created with each line being the linear vector corresponding to C. E.g.: If ,2,3,3…,8]. That way all the parents would be different every time the algorithm is run.

C(1, : ) =[2,8] than D(1, : ) = [2,2
Once all the potential parents were created the following step was to evaluate the cost function for them and make sure none of them was an impossible trajectory. Both aspects were evaluated at the same time in an evaluation function detailed in the following paragraph.

Evaluation

That function was initialized with one line of D corresponding to the 𝛼 3 𝑗 sequence of one parent. Thanks to this sequence and the big data base of all the available positions it was possible to collect all the positions needed to execute this sequence.

From that positions the height of the bar at the beginning and end of the concentric phase of the lift were extracted. The difference between that two positions as well as the fixed velocity were used to calculate the total duration of the push as well as the time step between two consecutive positions.

Than the sub-matrixes containing the angles, torques and centre of mass positions of each position were extracted to calculate the cost function. If one of the positions was impossible the corresponding line in the moment and angle matrixes of the database would have been set

as the null vector.

Before applying the cost function taken up in the literature [START_REF] Leboeuf | Construction et illustration des différentes formulations biomécaniques du coût énergétique d'un geste sportif[END_REF] two key features needed to be extracted: the relative angular velocity of each joint as well as the actuator torque exerted by the segment Si-1 on Si. The first one was calculating by subtracting 𝛼 𝑖-1 to 𝛼 𝑖 for each joint and dividing the result by the time step. The second one was directly extracted from the torque matrix. and smoothed thanks to a polynomial fitting.

The two matrixes were multiplied term by term and the absolute values of each joint were then summed. The cost function is finally calculating by integrating that column vector.

At that point, the sequences were ranked based on their cost function (lowest cost function at the top of the ranking).

If some positions of the sequence were impossible, the previous mathematical operation on angles would create huge values on the angular velocity vector, hence also on the resulting matrix of the multiplication and the cost function. As a result, the sequences including impossible positions would be ranked at the bottom of the ranking and disappear after some iterations. With:

• 𝐶 𝑖-1,𝑖 𝑎 the actuator torque exerted by the body i-1 on i,

• Ω 𝑖,𝑖-1 the relative angular velocity of the body i compared to i-1

Next generation

For each loop, a weighted draw was performed between the parents to create the 100 crossover children. A higher probability was given to choose the parents with the lowest cost function. A random crossover coefficient between 0 and 1 was assigned to each pair so as not to always use half of each parent.

Then 34 parents were randomly selected for the mutation and a random mutation (inside a predetermined range) was assigned to each of them. It was then verified that they were still within the acceptable range of motion.

Once all the children were created, the cost function was applied to each of them and they were ranked with the parents. All the duplicates were removed and the top 100 individuals were chosen as new parents. The loop should be repeated a minimum of times and stopped after 15 iterations without improvement or when 500 iterations are reached.

At the end, the best individual was chosen.

Convergence and results

The convergence of this method was assessed by repeating the algorithm 10 times with different starting points and making sure the cost function decreases with time for all of them.

It was also checked that the cost function of the results was within a range of 2,5% all 10 times.

The results of the 5 first repetitions are displayed in Table 6.

In addition, the results all consumed less energy than the previous best ones found in 3.1.3, which proves the effectiveness of the method. The results of the genetic algorithm will be presented and confronted to the experimental results in the Simulation vs experimentation section.

Energy Cost (J) Evolution of the cost function (J)

according to the number of iterations 

Introduction

The state of art alights the fact the experiments on elite powerlifters is lacking as well as measurements in ecological conditions [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF]). In addition, most studies tried to measure the influence of changing one parameter -foot stance, bar height, shoes- [START_REF] Glassbrook | The High-Bar and Low-Bar Back-Squats: A Biomechanical Analysis[END_REF]Larsen et al., 2021a;[START_REF] Murawa | Muscle activation varies between high-bar and low-bar back squat[END_REF][START_REF] Swinton | A Biomechanical Comparison of the Traditional Squat, Powerlifting Squat, and Box Squat[END_REF][START_REF] Williams | A comparison of hip and knee torques produced during a maximal effort full and partial back squat[END_REF] rather than understanding the natural mechanics of the movement as well as the limiting factors, which is key for performance. The objective of this protocol is to capture the movement of the most experienced athletes possible in the most ecological situation possible in order to compare their movement with that of an optimized digital avatar and to criticize the hypotheses made on this avatar. The ultimate goal is to use a virtual avatar to optimize the sporting gesture of high-level athletes in order to reduce their risk of injury on the one hand and to increase their performance on the other.

Before going further into the subject, it seemed important to us to redefine what a squat is. The motion of the squat basically consists in a flexion extension of the lower limbs with a bar loaded as heavy as possible carried on the shoulders.

In order to help the reader better understand the rest of the protocol, here are some details on the choices made for the latter.

To better understand what are the strong and weak points of a lifter, one solution is to study in particular the sticking point and to look at the differences between a successful heavy lift, where the lifter has a marked sticking point but pulls through, and a failed lift. This type of study was only done once per [START_REF] Flanagan | The Limiting Joint During a Failed Squat: A Biomechanics Case Series[END_REF] and the results support the hypothesis that different lifters do not have the same sticky region or the same strong and weak muscles. Even if it would have been very interesting to do the same thing on many subjects, the problem with this kind of experiment is that it is very tiring for the athletes because they have to produce a maximum effort 2 times, once for the maximum attempt and another for the supramax (failed) attempt. Usually, lifters train year-round on sub-maximal loads that they can do for reps to manage fatigue and be able to lift a sufficient workload volume per week. This is called work capacity, meaning the amount of work an athlete can train and recover from. Therefore, they rarely lift their one repetition maximum (1RM) in training so as not to get too tired and try to avoid failed lifts as they are very taxing on the central nervous system. As a result, forcing elite lifters into a protocol where they must attempt their 1RM and above could completely screw up their planning and make them more fatigued. Since fatigue is one of the main causes of injury [START_REF] Gabbett | The training-injury prevention paradox: should athletes be training smarter and harder?[END_REF], this type of experience cannot be imposed on athletes. One solution would be to use competition sequences. Powerlifting competitions are where lifters will try to lift the heaviest in squat, bench press and deadlift to build the highest possible total to beat their opponent by gender, age and weight class. Therefore, this is where failed attempts are most likely to occur if athletes and coaches have misjudged the athlete's true 1RM. Unfortunately, unlike weightlifting, where the athlete is alone with the bar on the platform, in powerlifting competitions, a support to hold the bar as well as three to five spotters and five referees are also on the platform (Figure 14). Moreover, the referees are also on the same platform. Therefore, it is difficult to find a place for the cameras where you have an overview of the lifters. This means that, even though it could be allowed, capturing the motion of the lifters using cameras and marker-less technology are more difficult to use in powerlifting than in weightlifting where it has been done a lot [START_REF] Akkuş | Kinematic analysis of the snatch lift with elite female weightlifters during the 2010 World Weightlifting Championship[END_REF][START_REF] Harbili | A gender-based kinematic and kinetic analysis of the snatch lift in elite weightlifters in 69-kg category[END_REF][START_REF] Ikeda | Comparison of the snatch technique for female weightlifters at the 2008 Asian championships[END_REF][START_REF] Nagao | A Biomechanical Comparison of Successful and Unsuccessful Snatch Attempts among Elite Male Weightlifters[END_REF][START_REF] Wang | Biomechanical analysis of the snatch performance of the Kharkiv university games weightlifting champion in weightlifting[END_REF]. For this reason, it would be very complicated to do squat experiments during powerlifting competitions. As a result, it was chosen to do the experiment in training conditions. the best way to convince them to participate in a scientific study is to discuss the experience with the athlete and their trainer beforehand in order to integrate the experience into their planned training. Hence, to ensure a higher level of the volunteers than the average in the literature [START_REF] Glassbrook | The High-Bar and Low-Bar Back-Squats: A Biomechanical Analysis[END_REF][START_REF] Hecker | Effects of the Safety Squat Bar on Trunk and Lower-Body Mechanics During a Back Squat[END_REF][START_REF] Mclaughlin | Kinetics of the Parallel Squat[END_REF][START_REF] Swinton | A Biomechanical Comparison of the Traditional Squat, Powerlifting Squat, and Box Squat[END_REF] Unlike for weightlifting movements, where the bar is held by the hands and can move relative to the body, for the squat movement the bar is held across the upper back of the athlete and is considered fixed relative to the spine. Therefore, the arm and upper arm do not need to be modelled. Also, to control the position of the centre of gravity in relation to the base of support, the foot segment has been added. To measure the motion of each segment in 2D, a reflective marker must be placed at each end of that segment, at the centre of the joint. To track movement of the feet, shank, thigh and trunk, literature was used [START_REF] Tunstall | Are subject-specific musculoskeletal models robust to the uncertainties in parameter identification?[END_REF] and the bony chosen landmarks were: 5th metatarsal, malleolus, lateral knee condyle, greater trochanter and 7th cervical vertebra. In case we want to check back stiffness later, more markers have been added on the 1st and 5th lumbar vertebra. Finally, a marker was fixed on the bar to check its position in relation to the 7th vertebra. In powerlifting, the bar can be held anywhere on the shoulders (International Powerlifting Federation, 2022) and depending on its position Figure 16 the lever arm to the hips as well as the motor strategy of the athlete will be different. For this reason, it is important to check this distance during experiments, even if for "high bar"

lifters, the two landmarks of the 7th cervical vertebra and that of the bar can be confused on the acquisitions. 4.2 Material and methods:

Assumptions

The idea we had was that when we record how elite athletes move during their regular training routines, we can observe their most natural movement patterns. We assumed that when they're in their usual training settings, they would move the way they are most comfortable and used to moving. This helps us get a better understanding of how their bodies naturally work during lifting

We had several important things we wanted to achieve in with this experiment:

-Creating a personalized avatar: Our first goal was to gather information about people's body measurements, like their height and body proportions. We wanted to use this information to design a special computer-generated avatar that would look like each individual person. We planned to optimize the lifting pattern of this avatar to make it the best possible at squatting.

-Testing simulation ideas: Our second goal was to check if the ideas we put into our computer simulation were correct. We wondered if certain things we thought would happen in the simulation would actually happen when real people did the movements.

In that case, we wanted to see if the Centre of Pressure stayed still under the middle of the feet during the squat, and if the thigh would move at a constant speed.

-Extract key biomechanical data: Our third goal was to get some important information about how the body works during the movements. We wanted to find out how much force each joint of the body could create. We also wanted to track the way the body's joints move over time thanks to a kinogram, kind of like a picture of how the lifter moves. Then, we planned to compare this data from elite lifters with what our simulation predicted.

Powerlifting material

Lifting material:

-A powerlifting bar (the bar shall weight 20kg, diameter 29mm, total overall length 

Scientific material

The position of the joints was acquired using the Optitrack motion capture system. As the OMS technology was already available in the laboratory with several Flex 13 Optitrack TM cameras, it was chosen as the preferred technology. In addition, it was chosen to have a Bertec TM portable force plate to measure the position of the centre of pressure as well as the force vector.

Principle of operation

OptiTrack is a motion capture system used to track the movement of objects or subjects in a three-dimensional space. It is commonly used in various fields, including animation, biomechanics, virtual reality, robotics, and video game development. Here's how OptiTrack works:

1-Marker-Based System: OptiTrack uses a marker-based approach, where reflective markers are placed on the objects or subjects to be tracked. These markers reflect infrared light emitted by cameras, making them visible to the system.

2-

Camera Setup: OptiTrack consists of multiple infrared cameras strategically positioned around the capture area. These cameras work together to capture the movement of the markers.

3-

Calibration: Before tracking can begin, a calibration process is required to determine the position and orientation of each camera relative to the others.

Calibration involves placing a known pattern (usually a rigid calibration wand or a calibration square) in the capture area, and the system uses the reflections from the markers on the pattern to calculate the camera's position and orientation. 2-Strain Gauges: Load cells typically contain strain gauges that are bonded to them. These strain gauges are sensitive to changes in electrical resistance caused by deformation of the load cell when a force is applied. When force is applied to the force plate, the strain gauges change resistance proportionally, and this change is used to calculate the force being applied.

3-Calibration: Before using a Bertec force plate, it needs to be calibrated. Calibration involves applying known forces to the plate and measuring the corresponding electrical outputs from the strain gauges. This calibration process establishes a relationship between the electrical outputs and the actual forces. 

Precision

Before starting any movement acquisition the validity and reliability of the OptitrackTM cameras was assessed. To do so, the system was calibrated according to the manufacturer's protocol to obtain "high precision". Then, only 2 markers were fixed on the wand at a distance of 50,0 mm, measured with an electronic digital calliper (Figure 19). Five sequences were then captured in which the user moved the wand around the calibrated area. The 3D data of the position of the 2 markers were then exported as a c3d file. Finally, Matlab TM was used to import the data and calculate the distance between the markers at each frame and compare it to the actual distance of 50,0mm. Table 9 shows the difference between the motion capture measurement and the distance between the two markers attached to the wand measured by the calliper. Since the distance is fixed, measuring a Pearson correlation coefficient or an ordinary regression of the least product would have made no sense. Therefore, only the mean and maximum difference as well as the standard deviation per test session were calculated. As the precision of the cameras is more than 10 times better then the potential errors due to the positioning of the markers on the bony landmarks [START_REF] Begon | Modélisation anthropométrique pour une analyse mécanique du geste sportif.Partie 2 : estimation des centres articulaires et détermination de la cinématique du squelette[END_REF], it can be considered as a valid acquisition tool. 1 0,00410 0,00019 0,00028 2 0,00280 0,00032 0,00039 3 0,00150 0,00022 0,00017 4 0,00580 0,00029 0,00051 5 0,00770 0,00017 0,00024 6 0,00560 0,00020 0,00029 Total 0,00770 0,00023 0,00031 

Parameters studied

Studying the centre of pressure (CoP) position, maximal torque at each joint, and the velocity of the thigh during the concentric phase of the squat motion is crucial for a comprehensive understanding of the biomechanics and motor control involved in this fundamental movement.

The 

Conduct of the experiment

The experiment took place at CREPS in Vichy, the national powerlifting training center of the FFForce. This CREPS has in particular accommodation and catering. Thus, it is considered that the fatigue linked to the displacement at the CREPS is negligible.

In order to have conditions as ecological as possible and not to disturb the athletes, only one subject was evaluated per session. Even if the experiments would be longer due to the early occupation of the force plate, the choice was made to do the squat warm-up on the force plate and with the reflective markers so that the athlete is not disturbed by the floor change or presence of the markers. Also, the synchronization of the force plate and cameras could be tested during warm-up sets to make sure everything is working well.

A contact made it possible to establish a day and an hour of experimentation corresponding to a session planned by the athlete.

Prior to the experiment, the motion capture equipment -cameras and force platform -was installed and calibrated in the training room. Because the force plate is 40 cm x 60 cm, some lifters squatting with a large stance could not put both feet on the force plate. To circumvent this problem, a second plate of the same height was made of wood and fixed to the supports of the force plate. Therefore, all lifters would be able to put one foot on each plate and both would not move if a lateral force was applied. Also, since the athlete has to step back from the rack to squat and the force plate is 4cm high, it would require athletes to step on it with a loaded bar on their back, which can be dangerous. So, fitness floor tiles or other materials of the same height were added under the loaded bar to even out the floor at the force plate. A possible experimental setup can be seen on (Figure 20) The athlete was welcomed in the CREPS training room in Vichy and the protocol was explained to him again, the equipment used for the experimentation detailed above was competition-type equipment with which the athletes were familiar. Likewise, the personal equipment of the athlete was left to his discretion provided that only accessories authorized in powerlifting competition and approved by the IPF were used. -squat shoes, knee sleeves, lifting belt, wrist wraps.

-the cardiovascular and articular warm-ups were left to the athlete's freedom -once the athlete was ready to begin his squat session, he was fitted with passive reflective markers on the bony landmarks cited in section 3.2.1. Also, to be more precise with the cameras, as the movement was chosen to be studied in 2D, only the side with the foot on the force plate was fitted with passive markers and filmed, so that more cameras could see each joint marker.

-the athlete was asked to follow two instructions during the squat warm up : wait for the kick before unracking the weight and remain motionless on the force-plate for two seconds once his set is finished before putting the weight back on the rack. The second instruction was added because, when athletes know they are doing the last repetition of a set, they tend to step forward to rack the bar before finishing the lift or at the same time they finish. That movement was forbidden because it modifies the effort in the joints as well as the position of the centre of pressure. As the last repetition of the set is, most of the time, the hardest due to fatigue and time under tension, it is the most interesting to study. Yet, if athletes do not complete the last rep because they are stepping to rerack the bar, differences in joint loading and centre of pressure could be attributed to fatigue as much as to anticipated stepping motion.

-the athlete would warm up on the force plate and with the reflective markers accordingly to his usual routine respecting a rest period of 3 to 8 minutes between sets.

-the synchronization of the force plate and cameras could be tested during warm-up sets to make sure everything is working well.

The steps required for motion capture are as follows:

-the athlete's body weight and the weight of the loaded bar were noted -The bar was loaded on the rack with a passive marker fixed in the centre -The athlete place himself under the bar so that it is held horizontally on the shoulders o Acquisitions of cameras and force platforms are launched o A helper hits the platform with a reflective marker attached to his heel and leaves -The athlete removes the bar from the rack and steps back to have his feet on the same line with the left one on the force plate -Once stationary in the starting position, the athlete should begin to bend the knees and hips "until the upper surface of the legs at the hip joint is lower than the top of the knees" (International Powerlifting Federation 2022).

-The athlete should then extend the knees and hips to until he is motionless in an upright position with the knees locked -The two previous operations are repeated for as many repetitions as prescribed in the athlete's program -At the end of the last repetition, the camera and force platform acquisitions are stopped -The athlete can rerack the bar Depending on the lifter squat session, one or more acquisitions may take place, following the same steps.

Finally, once the acquisitions were completed, the passive markers were removed from the subject.

Results

Motive pre-processing

Once the acquisitions have been made, there are a few steps to follow before one can analyse the results.

The first is the cleaning of data acquired on the Optitrack TM software itself. As no skeleton reconstruction model was used on it, the labelling part had to be done manually. To do this, the operator first had to merge the data corresponding to different temporal acquisitions of the same marker. If the field of view is hidden from a camera for even a tenth of a second, recording stops and another unlabelled marker is created when the field of view is regained. This process highlights the importance of placing the cameras at strategic positions before calibration, to ensure that two or more cameras would see each marker all the time, to save time during the labelling process and increase the accuracy.

In fact, when different acquisitions are merged, there are often empty spaces left, but to plot curves based on the data, these spaces must be filled. This option exists on Motive TM and the software can fill in the blanks with linear or cubic curves with other parameters chosen by the operator. Although this option is very useful, it remains an approximation and not the reality, which further reinforces the importance of avoiding this situation as much as possible.

As soon as a single complete acquisition corresponds to each marker, they are labelled manually and the others, the interferences, are removed. Then the .c3d files are exported.

Matlab processing

The goal was to process the data such that each lifter could be compared with his avatar (Figure 21) and the results of both the experimentation and the modelization had the same units.

A special library exists on Matlab TM called BTK and was designed to read .c3d motion capture files. Thanks to the point label, the 2D coordinates of each marker in the sagittal plane Figure 15 were extracted as well as the analogue frequency. The heel strike, called a "tap", was recognized manually and all acquisitions were cut off to start at this point. Next, the coordinates of the mark located at the front of the foot were chosen as the origin and all the other coordinates were modified accordingly. The next step was to calculate the length of the limbs. As indicated above, this was done in 2D by calculating the average distance between the two markers of each limb during the acquisitions Table 10. Other anatomical determinants such as the position of the centre of mass of each segment were calculated by applying literature references of Table 12 to experimental data. The distribution of body mass on each segment was reproduced from the DXA results of a female athlete in powerlifting (Table 11). Once all the data had been extracted and stored in structures, the mechanical calculation could begin.

First

Table 11 : DXA results of a female powerlifter (with permission)

Table 12 : Location of the Segment Center of Gravity, as a Percentage of the segment Length [START_REF] Plagenhoef | Anatomical Data for Analyzing Human Motion[END_REF] Matlab Processing

Concerning the experimentation data -Collect the data from the Optitrack TM cameras with the positions of the successive joints (toe, ankle, knee, hip, 7 th cervical and bar) during all the acquisition -Use the vertical position of the hip to identify the different phases of the movement and cut the data to only have the ascending part of the squat.

-Calculate the morphological parameters of the subject thanks to the relative position of the joints captured by the cameras and the masses of the subject and the bar collected during the experimentation.

-Calculate the position of the bar relative to the 7 th cervical vertebra.

-Create a time scale using the acquisition frequency of the cameras -Add the morphological data -masses and CoM positions -and use the principles of statics to calculate the torques at each joint during the lift (Table 2).

-Calculate the energy dissipation using the local approach [START_REF] Leboeuf | Construction et illustration des différentes formulations biomécaniques du coût énergétique d'un geste sportif[END_REF] -Finally, the position of the centre of pressure (COP) was calculated. Even though we had a force plate it was decided to use in this study the calculated CoP position so that people could replicate the protocol with less scientific equipment. 

Experimental results

As explained above the results extracted from the experiment were, on the concentric phase, the CoP position and more precisely the distance between the front of the foot and the calculated CoP, the maximal torque on each joint, the angular velocity of the thighs, all calculated from the marker position and the load data. All results are displayed on Table 13, Figure 22 and Figure 23.

Even though they have different shapes, both graphs of Figure 22 show a CoP position variating of up to 5cm during the concentric part of the lift. In addition, both CoP tend to move from a front position to a rear one during the squat. The result of this experiment suggest that the CoP position varies of several centimetres during the concentric phase. Its motion under the feet goes from front to back for both athletes.

Regarding the torque distribution both athletes tend to solicit more their knee than their hip and finally use their ankle. The thigh angular velocity of both subjects is displayed in Figure 23 and variations of more than 30deg/s can be seen on both figures. 

Male Female

Discussion

As expressed above this experiment was both exploratory research and a model calibration one.

In those cases where the goal is to generate hypotheses or identify potential areas of interest, a small sample can provide preliminary insights that guide the direction of future studies with larger samples. Furthermore, when calibrating a simulation model to match specific experimental data, using a small sample can help fine-tune the model parameters. It's however important to note that the results should be interpreted with caution as only 2 elite subjects were studied. of freedom, the model can better mimic the complex interactions observed in the experimental data. This refinement allows for a more accurate representation of the real-world squat motion and provides a platform for studying and understanding the underlying biomechanics with higher fidelity. As a result, it was decided to had a degree of freedom on the model.

The hypothesis was made that the CoP position of the simulation will have the same movement tendency -from front to back. The same assumption was made regarding the repartition of the maximal torque on each joint. As the model was driven by the thigh motion considered constant it was expected that there would be some differences between simulation and experiment that could be calculated thanks to the values of Figure 28 Hence the next step is to compare the experimental data with the simulation one and discuss the results.

Chapter 5 Simulation vs experimentation

Need for model updating

To develop the model and run the simulations, many hypotheses were stated. One of the hypotheses of the first simulation was that the Centre of Pressure (CoP) of the system {athlete + bar} stays under mid foot during all the movement. This assumption was made because it is a common "cue" given to athletes. In general, in powerlifting, athletes are told to use their feet as a tripod (big toe, small toe and heel) and try to keep their CoP in the middle of these 3 points (Figure 24). That degree was added by splitting the base of support into 12 acceptable positions, hence multiplying but 12 the time needed to calculate all the acceptable positions and the optimal pattern.

Fitting the simulation to the experimentation

To be able to compare the results of the genetic algorithm simulation from those of the experient, the first step was to process the data so they had the same format. All the coding was once again done with Matlab TM .

Here are listed the steps to follow to fit the simulation model parameters to the experimental data:

- 

Results

Once the same data were available both from the genetic algorithm calculus as well as the experimentation, it was possible to compare.

On the model, the assumption was made that the thigh angular velocity was constant from the beginning till the end of the concentric phase. During the experimentations, as the

Figure 23 shows, we noticed that this velocity decreases until a "sticking point" is reached and then increases. The location of this sticking point or region can be seen by the change of darkness of the lines on the experimental kinogram in Figure 27 as well as on the curve plot on Figure 23. A velocity drop of up to 90% was measured on the experiment.

As illustrated on Figure 27, a qualitative comparison was done on the kinograms of the experimentation and simulation. It is possible to see on it that the motor behaviour differs between the simulation and the experimentation. The two main differences seem to stand in the knee displacement as well as the angular velocity of the thigh relative to the floor. Actually, the simulation tends to keep the knees above toes during all the concentric phase while, during the experimentation, the knees of the lifter kick back and extend quickly at the beginning of the concentric phase and then only the hip extends itself.

Other compared data were the maximal torques at the ankle knee and hip during the concentric phase. The results are listed on Table 14. The main differences between the simulation and the experimentation are that the genetic algorithm tends to overestimate the torque at the ankle but under estimate the torque at the hip. 

Discussion

As the bar is fixed on the trunk and needs to stay over the base of support, the linear velocity of the bar during the concentric phase and the angular velocity of the thigh relative to the floor are linked together. The velocity of the bar during the concentric phase has already been studied (Larsen et al., 2021b;[START_REF] Van Den Tillaar | The Effects of Barbell Placement on Kinematics and Muscle Activation Around the Sticking Region in Squats[END_REF] and the shape of the curve has some similarities with Figure 23: The velocity has a first peak and then decreases close to 0 before increasing again at the end of the squat. The part of the curve close to 0 is called the sticking point or sticking region: It is the portion of the lift the most difficult for the lifter and the success of one lift usually depends on whether or not the lifter can get himself out of this part of the lift. In general, this happens a few degrees above thigh being parallel to the floor but, because every lifter has different anthropometrics and muscular strength and weaknesses, the position of the sticking region can vary between individuals [START_REF] Flanagan | The Limiting Joint During a Failed Squat: A Biomechanics Case Series[END_REF]. Regarding the maximal torque at each joint the differences must come from the fact that the torque produced at a joint depends on several factors, such as the angle of the joint, the length and moment arm of the muscles crossing the joint, and the force generated by those muscles. These factors are different for each joint and muscle group, and as a result, the maximum torque that can be produced at one joint is different from the maximum torque that can be produced at another joint. For example, the muscles crossing the ankle joint have a relatively short moment arm compared to those crossing the hip joint. This means that the same force generated by the muscles will result in a smaller torque at the ankle compared to the hip.

Female lifter Male lifter

Similarly, the maximum force that a muscle can generate is also different for each joint and muscle group, further contributing to the differences in maximum torque production.

Therefore, it is not accurate to assume that the ankle and hip can produce the same torque as they have different biomechanical characteristics, and a musculoskeletal model should take into account these differences to accurately estimate torque production. As the model is a mechanical one and not a musculoskeletal one it does not have this feature. Hence, as no maximum available torque was set for each joint, the genetic algorithm considers the ankle and hip can produce the same torque, which is false [START_REF] Anderson | Maximum voluntary joint torque as a function of joint angle and angular velocity: Model development and application to the lower limb[END_REF].

Regarding the CoP movement, as both elite athletes exhibited the same tendency it was hoped that the genetic algorithm would also adopt the same pattern. Unfortunately, as illustrated on To conclude the comparison, Figure 27 shows the differences between the genetic algorithm production and the reality modelization. Both kinograms exhibit a coordinated and realistic extension of the ankle, knee, and hip. This observation is crucial and means that the rules governing the model and the adaptations made on the cost function were effective in creating a realistic movement. It also means that the methodology developed for this project, one of the first projects where the simulation was created without any acquisition but only with anthropometrics, range of motion of the joints, and laws of physics, is effective in modelling a human movement. Some changes could still be made to make the simulation more realistic, but it was chosen to concentrate on the least understandable difference: CoP movements.

General work tracks

To make the simulation more realistic some changes could be made.

First to respect the "knees locked" rule of powerlifting competition, one condition should be added on the angle of the shank (𝛼 2 ) at the end of the lift. For now, the only condition is that 𝛼 3 the angle of the thigh relative to the floor, should be 𝛼 3 = 90° at the end of the squat. It was assumed that this condition would also lead to 𝛼 2 = 90° and would model correctly the IPF rulebook that states knees should be « locked » (i.e.: straight legs) at the end of the squat, but a flexion of the knees is still visible on the left kinogram, so the condition 𝛼 2 = 90° should be manually added.

The second change to do, that is visible both on Figure 27and Figure 28, is regarding the angular velocity of the thigh. Even though this project is probably the first observing this particular variable other studies in the literature have observed the vertical velocity profile of the bar during heavy squats -Figure 29- (Larsen et al., 2021b;[START_REF] Van Den Tillaar | Effect of Descent Velocity upon Muscle Activation and Performance in Two-Legged Free Weight Back Squats[END_REF][START_REF] Van Den Tillaar | The Effects of Barbell Placement on Kinematics and Muscle Activation Around the Sticking Region in Squats[END_REF] and have observed a first increase of the bar velocity followed by a large decrease until a local minimum called the sticking point is reached, then the velocity increases again in the post sticking region .Because the angular velocity of the thigh was set as a constant this sticking point could not appear on the simulation. This feature could be added to the simulation but, before being implemented, the bar velocity profile should be deeper studied to check if that curve is exactly the same for all the athletes, which means it could be implemented as a parameter on the model, or not. Our guess is that this curve depends on individual factors such as thighs length and muscle force.

Regarding the torques (Table 14) at each joint, the simulation and the modelization of the experiment give results of the same order of magnitude and with less than 25% differences on the extremum. The human body was modelled for this project by a simple torque actuated rigid body model. In reality, the joints are set into motion by the contraction of muscles attached to different bones. The available joint torque depends on many parameters such as the internal moment arm (distance between the insertion of a muscle and the centre of the joint), the size of the muscle and the orientation of the muscle fibres. Even though variability exist depending on the athletes and movements, the gluteus maximus is the strongest muscle of the human body, which means the hip joint is the one that can produce the biggest torque. To better fit the muscle forces and weaknesses of each athlete to improve the simulation without moving to a musculoskeletal modelization the maximal actuator torques available at each joint could be provided by an athlete and a cost function using the ratio

𝑛𝑒𝑒𝑑𝑒𝑑 𝑡𝑜𝑟𝑞𝑢𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑡𝑜𝑟𝑞𝑢𝑒
added in it. That way, the genetic algorithm would decrease its torque demand on the ankle and increase the one on the hips, which would better fit the reality.

Changing the model from a 2D one to a 3D one was also discussed. However, as only adding one degree of freedom at the feet multiplied by more than 10 the time needed to run the genetic algorithm, it is estimated that moving from a 2D to a 3D model would at least double the number of degrees of freedom hence multiply by 10 nb_of_joints the calculus time and make it unacceptable for now. The 3D modelling would need another type of model or calculus methodology to be viable.

CoP position work tracks

As explained in the previous section, the most striking difference between the simulation and the experimentation was the difference in the Centre of Pressure (CoP) position during the concentric part of the squat. It was observed that the CoP of lifters tends to be under the ball of the foot at the beginning of the concentric phase and moves towards the heel throughout this phase. After discussions with athletes and coaches, they confirmed this trend, pointing out that this shift was induced and not voluntary. This motion is even more interesting since, in powerlifting training, the common cue given to athletes is to use their feet as a tripod and keep their CoP motionless in the middle of this tripod (see Figure 24), which was not the case during the experiments we had accessed to.

The next challenge was to understand why all the lifters have this motion pattern and how to modify the model to obtain such results. Hence, much time was spent after this finding on trying to explain why this difference exists and how to modify the model to better fit the reality.

As the motion can be considered quasi-static no difference will be made between the Centre of Pressure and the Centre of Gravity.

Mobility lack of the Europeans

The first hypothesis was that European inhabitants have less mobility than people from the rest of the world and especially people coming from Asia. This assumption was made because, in weightlifting, where much mobility is needed and athlete often need to squat "ass to grass", the Asian continent dominates the rest of the world: 9 of the 14 gold medals in weightlifting at the Olympic games 2021 were won by Asian countries (7 for China, 1 for Chinese Taipei and 1

for Philippines)(IOC, n.d.). Moreover, the deep squat position is also called the "Asian squat"

and used to be a rest position (Figure 31) older Asian used to eat, wait for the bus etc. As the laboratory gathers searchers from all around the world, a small preliminary experiment was organized in it to check this hypothesis. The protocol available in French in annexes 7.1

was to equip subjects with reflective markers and make them step on the force plate with the foot stance they preferred; the stance was marked with a pen on a special sheet. Once this was done, the subjects were asked to do one dynamic squat, stop during 1 s, get into the deepest squat position they could reach and hold it for 2 minutes. This duration was arbitrary chosen but enable to separate people being in a comfortable or uncomfortable position in a deep squat.

Once the time was over or when the subjects felt too much discomfort, they were asked to stand up again, hold the position 1 s and then do 1 last dynamic squat and hold the position for 1 s.

They were asked to hold the erect position because a reflex of many would be to make a step frontward, down the force plate just after the last squat, which would false the results.

The results of this study displayed in Table 15 does Differences in the CoP position could also be explained by the fact that the subjects were asked to find a rest position after the first dynamic squat, thus trying not to contract muscles during 2 min, while the exact opposite happens during the powerlifting loaded squat.

Finally, none of the subjects recruited were powerlifters and only two of them said they were used to doing squats or staying in a flexed position. Hence, most of the subjects might have encountered stability issues, explaining why for nearly half of them no relation could be found between the degree of flexion and the CoP position. When they are in the deepest position, the powerlifters want to engage as much muscle mass as possible to produce strength, begin the concentric portion of the squat and get through the sticking point. After this first experiment, the hypothesis of the lack of mobility of the Europeans could not be confirmed.

Better stability under the ball of the foot

The second studied hypothesis was the stability of the lift regarding the position of the CoP.

As it is possible to push on your toes if you go too much frontward, this could mean that having a CoP under the ball of the foot is more stable than at the vertical of the heels. To evaluate this, the existing literature on the influence of the CoP position on stability was reviewed [START_REF] Galarza | /Estimation of Energy Systems; Control Apps.; Smart Buildings/Microgrids; Education; Human-Robot Systems; Soft Mechatronics/Robotic Components/Systems; Energy/Power Systems; Energy Storage; Estimation/Identification; Vehicle Efficiency/Emissions. Presented at the ASME 2020 Dynamic Systems and Control Conference[END_REF][START_REF] Jeong | Analysis of Difference in Center-of-Pressure Positions Between Experts and Novices During Asymmetric Lifting[END_REF][START_REF] Lee | An investigation of stability limits while holding a load[END_REF][START_REF] Mandalidis | A comprehensive method for assessing postural control during dynamic balance testing[END_REF][START_REF] Millard | Foot Placement and Balance in 3D[END_REF][START_REF] Millard | Foot Placement and Balance in 3D[END_REF][START_REF] Telarolli | Comparison of Foot Kinematics and Foot Plantar Area and Pressure Among Five Different Closed Kinematic Tasks[END_REF][START_REF] Xue | Effects of Head Direction on Electromyographic Activity of Quadriceps, Center of Pressure and Foot Pressure during Squat Exercise[END_REF]. In fact, many of these studies concern manual handlers whose work is to carry loads to store or move them. All these studies agree on the fact that the most stable position is when the CoP is close to the middle of the foot and the stability decreases as much if you move frontward or backward

Other results show that the more flexed the position is, the less stable it is. Moreover, the higher the additional load is carried, the less stable the position is [START_REF] Lee | An investigation of stability limits while holding a load[END_REF], which makes sense because the higher the load is carried means the higher the centre of mass of the system {subject + load} is and the lowest is the angle needed to move the CoP from the same distance.

Finally, the heavier the carried load is, the less the position is stable [START_REF] Galarza | /Estimation of Energy Systems; Control Apps.; Smart Buildings/Microgrids; Education; Human-Robot Systems; Soft Mechatronics/Robotic Components/Systems; Energy/Power Systems; Energy Storage; Estimation/Identification; Vehicle Efficiency/Emissions. Presented at the ASME 2020 Dynamic Systems and Control Conference[END_REF].

The results of the researches could not confirm the hypothesis that the stability was better under the ball of the foot but do suggest that the stability is best under mid-foot. Nevertheless, these results should be taken with caution as one reason why no conclusive results were found could also be because, to evaluate the stability, the experiments were done in static positions while the squat is a dynamic movement.

CoP needs to go front to go back

The third investigated hypotheses was that the centre of pressure needed to go frontward during the eccentric part of the lift once parallel is reached. This is because, during the beginning of the concentric part of the lift, if the trunk remains parallel to what it was in the deepest position, the extension of the ankle and knee will cause the lifter CoP to go backward. This hypothesis is illustrated on Figure 32. 33). Hence the CoP being above heels at the beginning of the concentric portion of the lift is not a problem. Even though the CoP position is not the same on the experimentation, the same pattern is also visible at the beginning of the concentric portion of the lift on some athletes (Figure 34). Hence the hypothesis was also discarded.

Error caused by the constant velocity hypothesis

As expressed above, the simulation was created for the first time with the angle of the thigh relative to the floor increasing steadily. The experimentations showed that this hypothesis is not correct as, especially under heavy loads, the lifters slow down close to what is called the sticking point.

To make sure this hypothesis did not cause the difference in the CoP movement the simulation was modified to first have the velocity of the thigh relative to the floor evolve the same way as what was found in the experimentations.

The simulation was then run again and even though the energy results differed, the CoP position would not be different;

Hence this hypothesis was also discarded.

Contraction of the triceps surae

The last considered explanation is that, to create an extension torque at the ankle and to use as much muscle mass as possible at the sticking point, the triceps surae needs to contract itself. It seems that, in order to do so, the CoP has to be under the ball of the foot to create a lever arm for the contraction. What was originally just a guess seems to be in agreement with what is done in other sports such as cycle. Actually, even though it is possible to pedal with the heels above the pedal position, it appears that all cyclists position their cleats or feet in order to exert a force with the ball of the foot (Figure 35). 

Conclusion

A considerable amount of time has been dedicated to comprehending why the CoP moves in the manner observed in powerlifters, contrary to what the laws of physics predict. Despite not finding a definitive answer, valuable insights have been gained from these studies. Notably, experiments on novice lifters conducted in the laboratory revealed that only a small percentage of them exhibited the same CoP pattern as experienced powerlifters. This outcome suggests that this movement might not be inherent but rather acquired through practice, which could be the focus of further investigation. Significant findings that show an evolution of the CoP movement during the learning of the lift would support the theory that this movement is a performance factor and should not be rectified.

Finally, we strongly encourage researchers interested in this topic to review the literature and research on other sports such as cycling. Cyclists position their cleats under the metatarsal joint instead of the heel, even though they could pedal with the cleats positioned under the heels. If the reason for this is the contraction of the triceps surae, it would be fascinating to transform the model into a musculoskeletal one. Alternatively, more in-depth studies should be initiated to comprehend this unknown influence of the CoP.

Chapter 6 : Conclusion

Weightlifting has been in the Olympic Games since 1896, it consists in two events: the snatch (lifting a barbell overhead in one movement) and the clean and jerk (lifting a barbell overhead in two movements) [START_REF] Stone | Weightlifting: A Brief Overview[END_REF]. Powerlifting requires maximal strength on 3 lifts, the squat, the bench-press and the deadlift [START_REF] Ferland | Classic Powerlifting Performance: A Systematic Review[END_REF]. More than Olympic and World games recognised sports, it has been shown that strength training helps athletes of other sports increase their performance [START_REF] Mcguigan | Strength Training for Athletes: Does It Really Help Sports Performance[END_REF]. Even though the injury rate of gym training is less than 4 injuries per 1000 hours of training [START_REF] Parkkari | Active Living and Injury Risk[END_REF], it is important for lifters to use a correct technique to limit those risks and improve fitness and performance.

In the literature, it seems widely accepted that different anthropometrical characteristics induce different movement strategies [START_REF] Cholewa | Anthropometrical Determinants of Deadlift Variant Performance[END_REF]), yet most studies on performance don't take segments lengths into account. This oversight, once transferred to the gyms, induce that the same technical instructions are often given to lifters with different anthropometry and training history. As they are not individualized, these instructions could be at best suboptimal for most athletes, not allowing them to express their full potential and, at worst, dangerous and causing injuries. The most striking example being to keep the knees from moving past the toes (Fry et al., n.d.).

This in-depth research has highlighted the gaps in the literature. All the existing studies but one only observed the kinematics or anthropometrics of athletes without trying to model and simulate the motion to better understand it and bring to light potential factors of performance.

Indeed, the optimization and the associated modelling are complex in this context, this project has focussed first on the simplest lift of both powerlifting and weightlifting: the squat. The squat is used as a competitive lift in powerlifting but is also part of the snatch and clean in weightlifting. Moreover, during a powerlifting squat the bar is motionless on the back of the athlete and the motion is symmetrical. Hence it can be modelled in 2D in the sagittal plane only with 3 bodies to model the lifter: the shank, the thigh and the trunk. As the ankle mobility can be a limiting factor during a squat and can be modified artificially it was decided to add a 4 th body: the foot. Also, even though its position is fixed compared to the ground during all the lift it seemed important to include it to be able to visualize the centre of pression (CoP) position compared to the base of support (the area of the foot on the ground).

To make sure to control all the parameters, the mechanical model used for the simulation was specifically developed and every parameter could be changed if needed to adapt to a specific subject. Nevertheless, the methodology and the developed tools can be generalized to more complex cases, which is a perspective to this study. To optimize the motion of a lifter the major issue was to consider his anthropometrics and especially segment lengths, bodyweight, and mobility (range of motion at the joint). Other important added parameters were the weight and the position of the bar compared to the 7 th cervical vertebra to be able to also control this parameter as position of the bar on the back, "high bar or low bar" often induce different motor strategies.

Once the mechanical model was set, an optimization algorithm had to be developed. Once Therefore, being able to capture athletes' anthropometrics and motion in training conditions and using the data to create a personalized avatar could help scientist a lot. Once the avatar is created they could experiment on it and simulate as many protocols as they want without inducing any fatigue on the athletes.

This work also presents some limitations. First the model was only 2D with 4 bodies and creating a 3D model with more bodies could make the calculation time grow exponentially, especially as we discretized all the reachable positions of the avatar. Then we created a quasistatic model which fits the reality for the powerlifting squat example but could not be used for other weightlifting movements such as the snatch or jerk for which the velocity is a performance factor. Also, the position of the markers is not the most precise way to calculate the positions of the joint centers, the bone geometries and the axes of the joints of the limbs.

To do that, a biplanar radio such that EOS could be used to give precise data. In addition, the model was mechanical only and no muscle behavior were added. This lack could be the reason why differences were found between the simulation and the modelization of the experiment regarding the maximal torque produced by each joint as well as the CoP movement. One way to calculate physiological muscle parameters such that the maximum isometric force, the tendon slack length, or the optimal muscle fibre length could be to use ultrasound acquisitions (Akay et al., 2017). The customizing muscle paths based on stereo-radiographic imaging method developed by Thibault Marsan in his PhD [START_REF] Marsan | Modélisation biomécanique personnalisée des mécanismes lésionnels de la hanche sur les sports de pivot : application au tennis de table[END_REF] could also help create a personalized musculoskeletal avatar.

These are all future prospects for the work on movement optimization for elite sport. [START_REF] Plagenhoef | Anatomical Data for Analyzing Human Motion[END_REF] 
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Figure 1 :

 1 Figure 1: The phases of the snatch

Figure 2 :

 2 Figure 2 : Different types of bar trajectory in the snatch

Figure 3 :

 3 Figure 3 : Deadlift techniques

Figure 4 :

 4 Figure 4 : Change of the trunk inclination because of the femur length

HYP 1 -HYP 4 -

 14 The human limbs can be modelled with rigid bodies: foot (1), shank(2) , thigh (3), trunk (4) HYP 2 -The squat movement is considered symmetrical and can be studied in the sagittal plane only, as a 2D movement HYP 3 -The ankle, knee and hip joints are considered perfect pivot links with no friction consideration. Only the concentric (= ascending) part of the squat is consideredThe kinematic diagram of the model is presented in Figure5.

Figure 5 :

 5 Figure 5: Kinematic diagram of the mechanical model

Figure 7 .Figure 7 :

 77 Figure 7 : Range of motion of the joints and position

▪• 2 •

 2 The trunk is considered one rigid body and the efforts between every vertebral body when the trunk is angled are not considered Calculate the necessary angle of the trunk relative to the floor to reach CoM2_goal We want to control the CoM of the whole system instead of just the bar o Set the model into the position with the angle of the hip ▪ Calculate the new position of the shoulders

oFigure 9 :

 9 Figure 9: First positioning of the model with a vertical trunk

Figure

  Figure 10 : Impossible configuration (A1< B1)

Figure 11 :

 11 Figure 11 : Spectrum of the acceptable positions for the deepest squat position

Figure 12 :

 12 Figure 12 : Reachable positions for 𝛼 3 = 0 °

Figure 13 :

 13 Figure 13 : Influence of the coefficients on the sum of the torques

  a cost function. Local and global approaches are possible, for our study, it was chosen to use a local one as the squat has the same beginning and ending position.

Table 4 :

 4 Calculate the duration of the motion o The angular velocity of the thigh relative to the floor is considered constant throughout the lift o The smallest average velocity at which an athlete can lift a bar is considered 0,17 m/s based on collection of athletes training log (Table 4Average velocity based on training log data (with consent) -Calculate the time difference between two inclinations -Calculate the absolute rotation speed of each segment o 1 st order derivative -Calculate the relative rotation speed of each joint o Difference of two derivatives -Calculate the absolute power value at each joint (torque * rotation speed) -Calculate the sum of the power at each joint -Integrate the result on all the motion to have the total energy cost This calculus was applied on the feasible trajectories and here are the was purely mechanical, it was chosen to check the quasi-static hypothesis on ADAMS™ View software with a dynamic model before going further. To do so the following steps were used: -Create as many points as necessary joints and align them on a horizontal line with the same distance as the previous model -Create rigid body links between the points that would model the limbs -Modify the CoM position of each body to put it at the same location as on the previous model -Set the mass of each body to put the same as the model -Create revolute joints between the rigid bodies -Create a fix joint between the rigid body modelling the bar and the one modelling the trunk -On Matlab, fit polynomes on the angle/time evolution of each articulation -On Adams impose motion on the connectors -On the result set of the post processor of Adams: o Plot the z-torque of each joint o Plot the angle of each joint o Derivate the curves of the angles o Multiply the derivative and z-torque curve of each joint o Change the curves into their absolute value o Sum all the curves o Integrate the sum The result of this comparison showed a difference of less than 0.5% between the Matlab model and the Adams one which encouraged us to keep on using our Matlab model for further developments.

Figure

  Figure 14 : French lifter Amélie Mierger surrounded by spotters (Image : White Light Media, with permission)

  This set was too easy to grade 6 This was a warming up set for sure 6,5 This was maybe a warming up 7 I could have done 3 more reps for sure 7,5 I could maybe have done 3 more reps 8 I could have done 2 more reps for sure 8,5 I could maybe have done 2 more reps 9 I could have done 1 more rep for sure I could maybe have done 1 more rep 10 MAXIMAL effort Table 7 : RPE Scale based on repetitions in reserve Regarding the type of model to create it was decided to follow what had has already been done in the literature (Schoenfeld 2010; Hoover et al. 2006; Mastalerz et al. 2019; Nagao et al. 2019), it was chosen to model only the trunk, the thigh and the shank and work in 2D in the sagittal plane Figure 15.

Figure 15 :

 15 Figure 15 : Axes and planes of the human body[START_REF] Balaşa | Using 3D Scanning Techniques in Orthopedic Systems Modeling[END_REF] 

Figure 16 :

 16 Figure 16 : Different bar positions seen in powerlifting (with permission)

2 .

 2 Figure 17: Different types of squat supports

4 -

 4 Marker Tracking: Once the system is calibrated, it can begin tracking the markers in real-time. As the markers move, the cameras detect their positions by analyzing the reflected infrared light. The system then triangulates the 3D position of each marker based on the information received from multiple cameras observing the same marker. 5-Data Processing: The tracked 3D positions of the markers are sent to a computer where specialized software processes the data in real-time. The software applies filtering and smoothing algorithms to improve the accuracy of the tracking data and reduce noise. 6-Skeleton Reconstruction (Optional): In applications involving human motion capture, the tracked markers can be used to reconstruct a virtual skeleton. The skeleton can then drive a 3D model or character, allowing for real-time animation. 7-Data Output: The processed tracking data can be exported in various formats, depending on the application's requirements. It can be used in animation software, biomechanics analysis tools, or directly integrated into interactive applications like virtual reality experiences or video games. A Bertec force plate is a specialized piece of equipment used for measuring ground reaction forces and moments in biomechanical and biomechanics research. It is commonly used in fields such as gait analysis, sports science, and clinical assessments. The principle of operation of a Bertec force plate involves several key components and concepts: 1-Load Cells: A Bertec force plate consists of multiple load cells, which are sensors that can measure the force applied to them. These load cells are strategically positioned within the force plate to accurately capture the forces exerted by a person or object standing or moving on the plate.

4 -

 4 Data Collection and Processing: When a person or object stands or moves on the force plate, the load cells measure the forces exerted in different directions(vertical, anteriorposterior, and medial-lateral) as well as the moments (torques) around these axes. The signals from the load cells are collected and processed by the force plate's electronics to provide real-time data on the magnitudes and directions of the forces and moments. 5-Coordinate System: Force plates typically use a specific coordinate system to represent the forces and moments. The vertical axis is commonly referred to as the Z-axis, while the anterior-posterior and medial-lateral axes are the X and Y axes, respectively. 6-Output: The force plate provides numerical data output in terms of force (in Newtons) and moment (in Newton-meters) values along the different axes. This data can be used to analyze various aspects of movement, such as gait patterns, balance, weight distribution, and joint loading.

Figure

  Figure 19 : Electronic digital calliper

  CoP position provides insights into how an individual distributes their weight over the feet, reflecting balance and weight shift dynamics. Analysing the maximal torque at each joint offers valuable information about muscle activation patterns and joint loading, helping to identify potential sources of strain or inefficiencies. Meanwhile, the velocity of the thigh during the concentric phase sheds light on the speed and coordination of the movement, impacting the effectiveness and efficiency of the squat. By examining these interrelated factors, researchers and practitioners can gain a holistic view of the biomechanical and neuromuscular strategies employed by individuals during squatting. This knowledge is invaluable for optimizing performance, reducing injury risk, and designing targeted training and rehabilitation protocols tailored to each individual's unique movement characteristics.

Figure 20 :

 20 Figure 20 : Lifting experimental setup

Equation 2 :

 2 Figure 21 : Kinematic diagram of the mechanical model

Figure 22 :

 22 Figure 22 : Distance between the front of the foot and the CoP (m) depending on time (s) calculated from the marker position.

Figure 23 :

 23 Figure 23: Angular velocity of the thigh (deg/s) depending on time from calculated from the marker position

First

  the variation in Centre of Pressure (CoP) position by several centimetres provides crucial insight into the complexity of the biomechanical system involved in the squat motion. This variation indicates that there are underlying degrees of freedom within the system that are not adequately captured by the existing model. The squat motion involves intricate interactions between various joints, muscles, and forces. The significant variation in CoP position suggests that there are subtle adjustments and movements occurring within the athletes' bodies that are not currently accounted for in the model. These unexplained variations indicate the presence of additional factors that influence the motion, and adding degrees of freedom can help capture these nuances. The CoP position provides insights into the body's stability and balance control mechanisms during the squat. The variation in CoP indicates that the body is continuously adjusting its position to maintain stability and optimize force distribution. Adding degrees of freedom to the model can help simulate these subtle adjustments and enhance the model's ability to capture the dynamic stability aspect of the squat. By incorporating additional degrees

Figure 24 :

 24 Figure 24 : The tripod foot Figure 25: Zones of the foot

3 oFigure 26 :

 326 Figure 26: Positions vs trajectory

Figure 27 :

 27 Figure 27 : Kinogram of the concentric phase of a squat obtained from the simulation (left) and the experiment (right)

Figure 28 :

 28 Figure 28 : Distance between the front of the foot and the CoP depending on time from the model (green) compared to the lifters (red)

Figure 29 :

 29 Figure 29 : Typical barbell velocity development during a squat with a sticking region, with different events, e.g., lowest barbell height (V0), first maximal velocity (Vmax1), lowest velocity (Vmin), and second maximal velocity (Vmax2), and different regions.(van den Tillaar et al., 2020)

Figure 28 ,

 28 Figure28, the exact opposite happened.

Figure 31 :

 31 Figure 31 : Asian squat position (standje, 2020)

  not show any relation exists between the continental origin and the mobility nor the CoP position.

Figure 32 :

 32 Figure 32 : Third hypothesis illustrationTo verify this hypothesis the simulation was modified. Actually, until now the deepest squat position was with the thigh around 5° under parallel, which is still close to parallel. To check the above hypothesis, the model was modified to begin 45° under parallel to see if the CoP position would change. The result of the simulation is that the concentric part of the lift begins with a flexion of the hips and ankle at the same time as the extension of the knees to keep control on the CoP position (Figure33). Hence the CoP being above heels at the beginning of

Figure 33 :

 33 Figure 33 : Kinogram of an optimized squat with a modified starting position

Figure 35 :

 35 Figure 35: Position of the cleat pads of cyclists under the feet ("-Coombe Millenium Pro Pedals Reviewed," 2021)

  again, we chose to develop our own genetic algorithm to control all the parameters and minimize the intrusiveness in the model part of the code. This core part of the PhD enables to run the simulation without depending on any software or black box. The fact that the algorithm converges, independently from its starting point, to a solution with the lowest cost function enables us to conclude that it was successful. On the other hand, some experiments were run and another algorithm was developed such that an avatar was created based on the data of the experimentation and an optimized motion was searched thanks to the genetic algorithm especially for this avatar which had the same anthropometrics as the lifter during the experiment.This comparison between the modelization of the experimentation and the simulation was one of a kind. It enabled us to validate some hypotheses of the model and disprove other ones such that the CoP position during the lift even though a way to modify the model to stick to the reality regarding the CoP position is still under development. The process we have developed and followed could be applied to many other areas like manual handling or sport such as golf or archery. Creating a personalized avatar of each athlete and being able to "experiment" with a predictive model on it could interesting in the high-performance research field. Indeed, elite athletes are difficult to study. On one hand they would like and need to benefit from science because every small improvement can make a huge difference in tight battles at the international level. On the other hand, high level training means scrupulously respecting a precise training program. In powerlifting for example, training for one competition is divided in macro-, meso-and micro-cycles which organize the athlete program from the yearly calendar to monthly blocks and weekly training days. In addition, a huge part of the performance comes from nervous and muscular recovery as well as hydration around the trainings, which means elite athletes often refuse to volunteer to scientific researches because forcing themselves into a protocol could increase their fatigue and prevent them from performing well in training hence decrease their progression and increase their risk of injury.
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Table 1 :

 1 Bodyweight distribution of a woman powerlifter (with permission)

•

  The foot is considered fixed on the ground ▪ Calculate the position of the bar • 𝑥 𝑂 𝑏 𝑘 = 𝑥 𝑂 4 𝑘 + 𝑙 𝑏 * cos(𝛼 4 𝑘 ) • 𝑦 𝑂 𝑏 𝑘 = 𝑦 𝑂 4 𝑘 + 𝑙 𝑏 * sin(𝛼 4 𝑘 ) • The bar is considered fixed on the back during all the lift o Calculate the hip angle needed to have CoM_tot the total centre of mass ▪ Calculate the position of 𝐺 4 + 𝐺 𝑏 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 the current trunk+bar CoM Calculate 𝑥 𝐺 4 +𝐺 𝑏 𝑔𝑜𝑎𝑙 , the necessary horizontal position of 𝐺 4 + 𝐺 𝑏 to have 𝑥 𝐶𝑜𝑀 above mid foot • 𝑥 𝐺 4 +𝐺 𝑏 𝑔𝑜𝑎𝑙 𝑘 = (𝑚 2 +𝑚 3 +𝑚 4 +𝑚 𝑏 ) * 𝑥 𝐶𝑜𝑀 -(𝑚 3 +𝑚 2 ) * 𝑥 𝐺 2 +𝐺 3 𝑘 𝑚 4 +𝑚 𝑏 ▪ Calculate 𝐵 1 the horizontal distance between 𝐺 4 + 𝐺 𝑏 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 and 𝐺 4 + 𝐺 𝑏 𝑔𝑜𝑎𝑙 • 𝐵 1 𝑘 = 𝑎𝑏𝑠(𝑥 𝐺 4 +𝐺 𝑏 𝑔𝑜𝑎𝑙 𝑘 -𝑥 𝐺 4 +𝐺 𝑏 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑘 )

	• 𝑥 𝐺 2 +𝐺 3 𝑘	=	𝑚 2 * 𝑥 𝐺 2 𝑘 𝑚 2 +𝑚 3 +𝑚 3 * 𝑥 𝐺 3 𝑘
	• 𝑦 𝐺 2 +𝐺 3 𝑘	=	𝑚 2 * 𝑦 𝐺 2 𝑘 𝑚 2 +𝑚 3 +𝑚 3 * 𝑦 𝐺 3 𝑘
	• 𝑥 𝐺 4 +𝐺 𝑏 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑘	=	𝑚 4 * 𝑥 𝐺 4 𝑘 𝑚 4 +𝑚 𝑏 +𝑚 𝑏 * 𝑥 𝐺 𝑏 𝑘
	• 𝑦 𝐺 4 +𝐺 𝑏 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑘	=	𝑚 4 * 𝑦 𝐺 4 𝑘 𝑚 4 +𝑚 𝑏 +𝑚 𝑏 * 𝑦 𝐺 𝑏 𝑘
	▪				
	(CoM) above mid-foot			
	▪ Calculate the CoM position of each body using the ratio (𝑟𝑎𝑡𝑖𝑜 𝑖 ) from
	the litterature (Plagenhoef, 1983)
	• 𝑥 𝐺 𝑖 𝑘	= 𝑥 𝑂 𝑖 𝑘	+ 𝑟𝑎𝑡𝑖𝑜 𝑖 * (𝑥 𝑂 𝑖+1 𝑘	-𝑥 𝑂 𝑖 𝑘	)
	• 𝑦 𝐺 𝑖 𝑘	= 𝑦 𝑂 𝑖 𝑘	+ 𝑟𝑎𝑡𝑖𝑜 𝑖 * (𝑦 𝑂 𝑖+1 𝑘	-𝑦 𝑂 𝑖 𝑘	)
	▪ Calculate CoM1 the leg+upper-leg CoM position using the barycentre
	formula				

•

  𝑥 𝑂 4 𝑘 = 𝑥 𝑂 3 𝑘 + 𝑂 4 𝑂 3 * cos(𝛼 4 𝑘 )

	▪ Calculate the new bar position
	• 𝑥 𝑂 𝑏 𝑘	= 𝑥 𝑂 4 𝑘	+ 𝑙 𝑏 * cos(𝛼 4 𝑘 )
	• 𝑦 𝑂 𝑏 𝑘 = 𝑦 𝑂 4 𝑘 + 𝑙 𝑏 * sin(𝛼 4 𝑘 )
	▪ Calculate the CoM position of the trunk
	• 𝑥 𝐺 4 𝑘	= 𝑥 𝑂 4 𝑘	+ 𝑟𝑎𝑡𝑖𝑜 4 * (𝑥 𝑂 5 𝑘	-𝑥 𝑂 4 𝑘	)
	• 𝑦 𝐺 4 𝑘	= 𝑦 𝑂 4 𝑘	+ 𝑟𝑎𝑡𝑖𝑜 4 * (𝑦 𝑂 5 𝑘	-𝑦 𝑂 4 𝑘	)
	▪ Calculate the CoM of the system
	• 𝑥 𝐶𝑜𝑀 𝑘 =	𝑚 2 * 𝑥 𝐺 2 𝑘	+𝑚 3 * 𝑥 𝐺 3 𝑘 𝑚 2 +𝑚 3 +𝑚 4 +𝑚 𝑏 +𝑚 4 * 𝑥 𝐺 4 𝑘	+ 𝑚 𝑏 * 𝑥 𝐺 𝑏 𝑘
	• 𝑦 𝐶𝑜𝑀 𝑘 =	𝑚 2 * 𝑦 𝐺 2 𝑘	+𝑚 3 * 𝑦 𝐺 3 𝑘 𝑚 2 +𝑚 3 +𝑚 4 +𝑚 𝑏 +𝑚 4 * 𝑦 𝐺 4 𝑘	+ 𝑚 𝑏 * 𝑦 𝐺 𝑏 𝑘
	• 𝑦 𝑂 4 𝑘	= 𝑦 𝑂 3 𝑘	+ 𝑂 4 𝑂 3 * sin (𝛼 4 𝑘 )

  𝑔 * (𝑥 𝐺 𝑏 -𝑥 𝑂 4 ) + 𝑤 4 * 𝑔 * (𝑥 𝐺 4 -𝑥 𝑂 4 ) 𝑇 23 = 𝑤 𝑏 * 𝑔 * (𝑥 𝐺 𝑏 -𝑥 𝑂 3 ) + 𝑤 4 * 𝑔 * (𝑥 𝐺 4 -𝑥 𝑂 3 ) + 𝑤 3 * 𝑔 * (𝑥 𝐺 3 -𝑥 𝑂 3 ) 𝑇 12 = 𝑤 𝑏 * 𝑔 * (𝑥 𝐺 𝑏 -𝑥 𝑂 2 ) + 𝑤 4 * 𝑔 * (𝑥 𝐺 4 -𝑥 𝑂 2 ) + 𝑤 3 * 𝑔 * (𝑥 𝐺 3 -𝑥 𝑂 2 ) + 𝑤 2 * 𝑔 * (𝑥 𝐺 2 -𝑥 𝑂 2 )

Table 2 :

 2 Application of the principles of static

Table 3 :

 3 Calculation of the joint torques for each reachable position -Calculate the weighted sum of the joints torques with a different coefficient at knees and hips

	𝛼 2 (°)	𝑇 12 (𝑁𝑚)	𝑇 23 (𝑁𝑚)	𝑇 34 (𝑁𝑚)	Sum of the absolute torques (Nm)
		135,750	-59,766	461,873	657,389
		135,750	-68,626	453,013	657,389
		135,750	-77,423	444,216	657,389
		135,750	-86,155	435,484	657,389
		135,750	-94,820	426,819	657,389
		135,750	-103,414	418,225	657,389
		135,750	-111,936	409,704	657,389
		135,750	-120,382	401,258	657,389
		135,750	-128,750	392,889	657,389
		135,750	-137,037	384,602	657,389
		135,750	-145,242	376,398	657,389
		135,750	-153,360	368,279	657,389
		135,750	-161,391	360,248	657,389
		135,750	-169,331	352,308	657,389
		135,750	-177,178	344,461	657,389
		135,750	-184,930	336,709	657,389
		135,750	-192,585	329,054	657,389
		135,750	-200,139	321,500	657,389
		135,750	-207,591	314,048	657,389
		135,750	-214,938	306,701	657,389
		135,750	-222,179	299,460	657,389
		135,750	-229,310	292,329	657,389
		135,750	-236,331	285,309	657,389
		135,750	-243,238	278,402	657,389
		135,750	-250,029	271,610	657,389
		135,750	-256,703	264,936	657,389
		135,750	-263,258	258,382	657,389
		135,750	-269,690	251,949	657,389
		135,750	-276,000	245,639	657,389
		135,750	-282,184	239,455	657,389

Table 6 :

 6 Convergence test of the genetic algorithm

	Kinogram of the result

Table 8 :

 8 Powerlifting equipment

Table 9 :

 9 Validity of the Optitrack TM cameras

	4.3 Protocol and acquisitions	
	4.3.1 Cohort		
	CERSTAPS authorization was obtained on 12/15/2021 and is available in annexe 7.2.
	The 2 subjects were recruited among the members of the French Powerlifting team. The
	condition of inclusion was an experience of at least 1 year at the international level in IPF
	classic powerlifting. The condition of participation was the realization of at least one repetition
	of competition type squat at a load corresponding to at least 75% of the e1RM or a 7 RPE
	which is considered moderate effort. If they met the criteria, they were welcome to participate
	in the experience.		
	Volunteer	A	B
	Sex	Feminine	Masculine
	Age	19	21
	Size	160cm	185cm
	Bodyweight	70kg	110kg
	Squat 1RM	160kg	300kg
	Experience	World Champion Junior	World Champion Junior
		Category (IPF -classic)	Category (IPF -classic)

Table 10 :

 10 Experimental marker position and model corresponding name

	Marker		Second Marker		Corresponding segment
	Experiment	Model Experiment	Model	
	5th metatarsal	O1	Malleolus	O2	Foot
	Malleolus	O2	Lateral knee condyle O3	Shank
	Lateral knee condyle O3	Greater trochanter	O4	Thigh
	Greater trochanter	O4	7th cervical vertebra O5	Trunk
	Bar centre	Gb			Bar

Table 13 :

 13 Experimental maximal torques

	Male	Female

Table 14 :

 14 Maximal torque differences between model and reality

Table 15 :

 15 Results of the laboratory experiment on the CoP movement of novices
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 12 Location of the Segment Center of Gravity, as a Percentage of the segment Length
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