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Introduction: context and significance of the technology

Since its introduction at the Tokyo Olympic Games in 2021, climbing has taken on a particularly important role. The races include speed climbing, bouldering and lead climbing. The stakes of medals are growing and with it the understanding of their determining factors. The evaluation of performance and their improvement is a permanent challenge for the climbers and their coaches. For this, a better understanding of biomechanics and body segmental coordination is necessary. Literature shows research studies aiming at recording the supporting forces during simulated rock climbing [START_REF] Quaine | Analyse statique et dynamique de la posture en quadrupédie verticale[END_REF] or during more ecological performance [START_REF] Fuss | The Fully Instrumented Climbing Wall[END_REF][START_REF] Donath | Reliability of force application to instrumented climbing holds in elite climbers[END_REF]. A recent study [START_REF] Colombo | Design of a sensor network for the quantitative analysis of sport climbing[END_REF] propose a connected climbing wall, designed force sensor, to evaluate climbers or patient performance. In the current paper, we focus particularly on speed climbing. This vertical race has recently seen to decrease the world record from 6.26s in 2011 to 4.90s in April 2023. In order to better understand and train speed climbers, a priority climbing research project was funded by the French national agency in the run-up to the announcement of the Paris 2024 Olympic Games. This large-scale project aims the improvement of speed climbing performance through the analysis of the climber biomechanics during race. Research using similar systems exist or have existed [START_REF] Quaine | Analyse statique et dynamique de la posture en quadrupédie verticale[END_REF][START_REF] Courtemanche | Analysis and Simulation of Optimal Motions in Rock Climbing[END_REF][START_REF] Colombo | Design of a sensor network for the quantitative analysis of sport climbing[END_REF]. However, each one displays relevant limitations such as the size, the number of instrumented holds and the modularity. More precisely, we aimed at coupling rock climber motion capture with supporting forces analysis. To do that, a smart rock-climbing wall associated with MOCAP system has been developed. The aim of this paper was to present a case study involving a given specific sport-climbing movement (Dyno) performed on the first version of the connected climbing wall.

Purpose and objectives of the technology: capabilities of the wall

A climbing wall in the form of a panel of 2.7 m / 3 m (Figure 1) was created at Gipsa-Lab in Grenoble. This climbing wall was designed to be equipped with a custom sensor technology developed by a company (Sensix technology). Strain gauge sensors are used to have force measurement ranges adapted to the speed climbing practice (Sensix dimensioning). These 6-axis sensors allow to measure the forces and the moments at the supports at 1000 Hz.

The main challenges of the creation of this climbing wall were: -To mimics a variety of climbing movements -To be tilted (from 0° to 45°) -

To locate the hold accordingly with the climber anthropometry -Visually, to be similar to a classic climbing wall.

The supporting forces were synchronized with motion capture (MOCAP) cameras (QualysisTM) for gesture analysis. Equipment such as portable EMGs/IMU (DelsysTM) are also provided to measure the activity of targeted muscle groups. 

Case study of the Dyno

In this case study, we focus on the whole body during the Dyno for sport climbing. Basically, the Dyno is an ascending movement using both upper and lower limbs. A typical Dyno sport climbing movement, with support forces, is presented on Figure 2. Complete analysis is not yet performed, the objective being to display the relevance of the connected wall to perform rock climbing biomechanics. The climber (French level 8a lead climbing) was asked to perform a Dyno to reach as high as possible with both hands. This was done to test the entire body power and coordination. In this case a jump height measured between the starting hand position and the highest point reach, which mean that the climber could grab a hold 1037mm higher above his starting hand position. At the beginning the net vertical force equals the body weight magnitude (here 620N for the subject). Fx force is associated with holds configuration and especially with the distance between right and left hold. The Fy force does not equal to zero, meaning the body center of gravity lies away from the vertical hand and feet hold line. At the jump onset, a countermovement is initiated before the ascending phase which. At the same time, it is relevant to note significant 1 display the relative maximal force at each hold support. This shows important forces which needs to be measured and quantify to assess their participation to the ascending motion pattern.

Conclusion

Further research for speed, lead and bouldering movements are in progress. A key point is to associate supporting force analysis with kinematics and to analyses climbing postures and to evaluate (1) coordination between feet and hands, (2) to optimize postural control to minimize tangential forces and minimize energetic cost for a given movement, (3) segmental coordination and muscle change after training. Coupling the connected wall with segmental kinematics and EMG will enable to compute whole body inverse dynamics models to evaluate joint power and muscle involvement.
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Figure 1

 1 Figure 1 Connected climbing wall. a) Frontal view, b) sagittal view. Instrumented holds can be used with classical holds. Supporting forces, MOCAP, EMG and IMU can be collected at the same time in the laboratory reference system (O, x, y, z)

  Fx and Fy changes showing a significant antero-posterior displacement associated to the vertical jump. This antero-posterior displacement is associated to the arms, trunk and lower limb coordination. No change between left and right components was noted indicating the subject does not present any imbalance between right and left upper and lower limbs.

Figure 2 :

 2 Figure 2 : Dyno movement displayed with QTM, with the forces at supports. t1 represents the time of stabilisation, Toff the time of take-off the holds in the laboratory reference system (O, x, y, z)

Table 1 :

 1 Relative maximal force during the countermovement Dyno Table
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