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Introduction

Springboard diving performance comes from the interaction between an athlete and a deformable structure. The energy transfers between the diver and the diving board can be optimized by improving time synchronization [START_REF] Ross | Technique and timing in the womens forward two and one half somersault pike and mens three and one half somersault pike 3m springboard dives[END_REF]. The studied diver and diving board must be modelled to compute the temporal evolution of their energies [START_REF] Yeadon | Parameter determination for a computer simulation model of a diver and a springboard[END_REF]. A finite element model of the diving board weakly coupled with a biomechanical model of the diver are presented. The interaction efforts between the diver and the diving board are estimated. These models and methods are based on motion capture data. [START_REF] Demestre | Using motion-based estimated action of the diver to characterize diving board dynamics : a pilot study[END_REF].

Previous studies were focused on springboard diving performance. Some of them study the impact of different techniques and fulcrum settings on performance using dive videos [START_REF] Miller | Hurdle preflight in springboard diving : A case of diminishing returns[END_REF][START_REF] Jones | Influence of fulcrum position on springboard response and takeoff performance in the running approach[END_REF]. Most of these studies models the diver and/or the diving board to simulate their behaviours. The diver was often modelled as a rigid body system [START_REF] Kuangyou | Optimal compliant-surface jumping : a multi-segment model of springboard standing jumps[END_REF][START_REF] Yeadon | Parameter determination for a computer simulation model of a diver and a springboard[END_REF]. The diving board was often modelled by a mass-spring system with one degree of freedom, a rigid bar articulated at its origin [START_REF] Kuangyou | Optimal compliant-surface jumping : a multi-segment model of springboard standing jumps[END_REF], or a beam with with 3 degrees of freedom in the plan [START_REF] Yeadon | Parameter determination for a computer simulation model of a diver and a springboard[END_REF]. All these studies enabled to better understand the factors affecting springboard diving performance, mainly at the beginning of the last contact phase before takeoff (touchdown) and at takeoff (diver's velocities, diver's angular momentum, diver's posture, synchronization with the diving board motion). Nevertheless, further studies about the synchronization between the diver and the diving board may be useful for knowing more about energy transfers optimization during the contact phase between the diver and the diving board [START_REF] Sinclair | Kinematic determinants of dive height in springboard diving[END_REF].

Our study, which is based on that of [START_REF] Arampatzis | Effect of the pole-human body interaction on pole vaulting performance[END_REF], is focused on energy transfers between the diver and the diving board. The studied features are computed from a finite element model of the diving board and a biomechanical model of the diver. These models are based on the motion capture data of dives.

Methods

Experimental procedure

The motion capture data were recorded with the optoelectronic system Qualisys (12 12-Mpixels OQUS 7+ cameras, 200 Hz). 1 male recreational diver (1.65 m, 68 kg) was equipped with a set of 45 reflective markers placed on standardized anatomical landmarks as recommended by the International Society of Biomechanics [START_REF] Wu | ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion-part I : ankle, hip, and spine[END_REF][START_REF] Wu | ISB recommendation on definitions of joint coordinate systems of various joints for the reporting of human joint motion-Part II : Shoulder, elbow, wrist and hand[END_REF]. Fifty reflective markers were placed on the diving board sides (49 evenly spaced on one side, the last one on the other side at the diving board free end).

A static trial of the diving board without any load, named reference trial, was recorded. It provided the reference vertical position of each marker. The subject performed 2 dives with a running approach (RA dives) and 2 dives with a starting position at the diving board free end (SP dives).

Simulation of the behaviour of the diver and the diving board

The method used to simulate the behaviour of the diver and the diving board was based on a weak coupling between a finite element of the diving board and a biomechanical model of the diver. The method overview is presented in the Figure 1. These models were based on motion capture data. The biomechanical model of the diver was developed in the Matlab (Release R2021a, MathWorks, Inc., Natick, Massachusetts, United States) toolbox CusToM [START_REF] Muller | CusToM : a Matlab toolbox for musculoskeletal simulation[END_REF]. The diver model was used to estimate the interaction efforts between the diver and the diving board for the recorded trials. The finite element model of the diving board was developed in the Matlab toolbox ATL4S [START_REF] Grange | ATL4S-A Tool and Language for Simplified Structural Solution Strategy[END_REF]. The estimated interaction efforts were applied to the diving board model to simulate its dynamic response. A characterization method of the diving board model was used to determine the model parameters leading to a numerical displacement as similar as possible to the experimental one.

The diver was modelled by a rigid body system with 18 segments and 44 degrees of freedom. A geometrical calibration of the model was performed using the studied trial data and the method described in [START_REF] Muller | A simple method to calibrate kinematical invariants : application to overhead throwing[END_REF]. The body segment inertial parameters were computed using the method from [START_REF] Dumas | Adjustments to McConville et al. and Young et al. body segment inertial parameters[END_REF]. For each trial, an inverse kinematics step was carried out to compute the joint coordinates of the model. The interaction efforts between the diver and the diving board were computed using a ground reaction forces and moments prediction method suitable for the interaction between a human subject and a deformable structure [START_REF] Demestre | Using motion-based estimated action of the diver to characterize diving board dynamics : a pilot study[END_REF]. This method detected the potential contact surface between the diver's feet and the diving board at each frame. The interaction efforts were computed using an optimization method minimizing the quadratic sum of the forces applied under the subject's feet constrained by the dynamic equilibrium of the subject [START_REF] Muller | Motion-based prediction of hands and feet contact efforts during asymmetric handling tasks[END_REF].

The diving board was regarded as a uniform and isotropic 2D Bernoulli beam with small deflection and was modelled as shown in Figure 2. The contact at fulcrum at x = L 1 was unilateral. The interaction Figure 2 -Diving board model efforts were applied on the node of the diving board model closest to the center of pressure under the diver's feet at each frame. The diving board model was characterized using an optimization method minimizing the normalized sum of the mean squared errors between the numerical and experimental vertical displacements for each observation point of the diving board.

Energetic analysis of the interaction between the diver and the diving board

Diver and diving board models specific to those studied experimentally and interaction efforts between the diver and the diving board were obtained for each trial using the method and models described above. The temporal evolution of potential, kinetic and mechanical energies of the diver and the diving board were computed using these models and methods.

The computed energies were used to perform an energetic study similar to that of [START_REF] Arampatzis | Effect of the pole-human body interaction on pole vaulting performance[END_REF] for pole vaulting.

The recorded dives were studied from the maximal altitude of the centre of mass of the diver (CoM) before touchdown and the maximal altitude of the CoM after takeoff (Figure 3).

Figure 3 -Details of dive phases

The following features were computed for the 4 recorded dives :

-Potential, kinetic, and mechanical energies of the diver and the diving board ; -Mechanical energy coming from the muscular work of the diver during phases 1 and 2, respectively E inp1 and E inp2 ; -The subtraction between the diver's mechanical energy at takeoff and the diver's mechanical energy at his maximal altitude during the jump before touchdown (initial energy) E dif f ; -Moments of each step described in the Figure 3 computed from experimental data. These features enable to know if the muscular work of the diver created or dissipated energy during the different phases (E inp1 during the phase 1, E inp2 during the phase 2, E dif f between the beginning of the studied period and the takeoff.

Results

The studied features are presented in the table 1 for the 4 recorded dives. All the results show that the diver's muscular work lost energy during the first phase and created energy during the second phase for all the dives. For a given dive, the amount of the energy created by the diver during the whole studied period, and during each phase, is in the same order of magnitude.

Dives E inp1 (J) E inp2 (J) E dif f (J) SP 1 -
The Figure 4 presents the temporal evolution of the mechanical energies of the diver and diving board for the dive RA 1. After the touchdown, the mechanical energy of the diver was transmitted to the diving Figure 4 -Mechanical energies of the diver and diving board for the dive RA 1 board until its maximal deflection. The mechanical energy of the diving board was then given back to the diver until his takeoff.

The Figure 5 presents the temporal evolution of the potential, kinetic and mechanical energies of the diving board for the dive RA 1. One can observe that the mechanical energy of the diver is stored into 

Discussion

The methods presented in this study are suitable to study energy transfers between the diver and the diving board using motion capture data. A study of work done by the diver to gain height during a 105B dive (similar to the studied RA dive) was performed in [START_REF] Ross | Technique and timing in the womens forward two and one half somersault pike and mens three and one half somersault pike 3m springboard dives[END_REF]. This work was considered as the gravitational potential energy of the center of mass of the diver. An increase of the the diver's energy between the touchdown and the takeoff of 4.3 J.kg -1 was observed in [START_REF] Ross | Technique and timing in the womens forward two and one half somersault pike and mens three and one half somersault pike 3m springboard dives[END_REF]. In our study, the variation of the mechanical energy of the diver between the touchdown and the takeoff was also 4.3 J.kg -1 . Our results seem to be consistent with those from the literature.

The features E inp1 , E inp2 and E dif f are useful for quantifying the impact of the diver's muscular work for different dive phases. This information coupled with a qualitative analysis of the dive may help to better understand springboard diving performance. To compare these features for several iterations of the same dive performed by the same diver may be useful for identifying deficits or strengths of the studied diver during the interaction phase with the diving board. These data may also help to compare techniques of several divers for a given dive. These methods give insight into features which can be trained and are thus useful for improving springboard diving performance [START_REF] Arampatzis | Effect of the pole-human body interaction on pole vaulting performance[END_REF].

The presented study will be carried out on the motion capture data of several kinds of dives performed by divers with national and international levels. It will give insights into how improve the synchronization between the diver and the diving board for the studied dives.

Conclusion

The energetic study presented in this article is a basis to better understand how optimize the synchronization between the diver and the diving board. This study is based on motion capture data of the diver and the diving board, which are modelled to compute their energies. The study of energy transfers between the diver and he diving board is a lever to better understand how improve springboard diving performance.
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 1 Figure 1 -Method overview
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 5 Figure 5 -Potential, kinetic and mechanical energies of the diving board for the dive RA 1

  

Table 1 -

 1 Energetic features values for the 4 recorded dives

		109	479	236
	SP 2	-108	380	148
	RA 1 -113	720	370
	RA 2 -66	678	370