Abstract
This study utilizes Dartfish video analysis to investigate the kinematics of the vertical jump, which is a complex two-dimensional movement predominantly occurring in the sagittal plane. The focus of the study is on comparing jumps performed at submaximal and maximal intensities, analyzing the trunk angles, joint movements, and muscle contractions involved in the jump. The results indicate that the maximal jump involves increased trunk flexion, a reduced time to take-off, and greater angular accelerations, which contribute to higher power production (Bobbert and van Soest, 2001). However, these changes also lead to an increased risk of injury, particularly in the lumbar spine and knees. Based on the findings, training recommendations are provided, emphasizing the importance of trunk control, lower limb strengthening, and improving overall neuromuscular coordination (Markovic and Mikulic, 2010). This paper offers valuable insights for athletes and trainers aiming to enhance vertical jump performance and minimize the associated risks.

Introduction
The vertical jump is a key plyometric movement and a critical measure of lower-body power in various sports such as basketball, volleyball, and track and field. The ability to jump high is often an indicator of athletic performance and explosiveness (Cronin and Hansen, 2005). The movement itself predominantly occurs in the sagittal plane, involving a sequence of biomechanical actions, particularly flexion and extension of the hip, knee, and ankle joints. These movements are executed in a coordinated manner to generate vertical propulsion (Lees, Vanrenterghem and De Clercq, 2004). However, the quality of the jump is not only determined by the joint movements but also by the recruitment of muscle groups, joint angles, and angular velocities at different phases of the jump.
In sports training, improving vertical jump performance is a primary goal for many athletes, as a higher jump is often associated with greater power output (Behm and Sale, 1993). However, understanding the kinematics of the vertical jump is essential not just for improving performance but also for reducing the risk of injury. The mechanics of the vertical jump require careful consideration of factors such as joint angles, angular velocities, and the involvement of key muscles such as the glutes, quads, and calves (Bobbert and van Soest, 2001). Furthermore, improper jump technique, particularly in high-intensity jumps, can result in undue stress on the lumbar spine, knees, and other joints, making it crucial to optimize jumping mechanics (Zazulak et al., 2007).
Training interventions aimed at improving jump performance and reducing injury risk must be informed by a thorough understanding of these biomechanics. Using motion analysis tools such as Dartfish allows for a more detailed evaluation of the kinematic differences between submaximal and maximal jump intensities, providing valuable insights for refining technique and improving overall performance (McLean and van den Bogert, 2004). This study aims to assess these differences in kinematic parameters including trunk angle joint actions and muscle contractions to develop more effective training recommendations.

Methods
A single male athlete, aged 22, participated in the study. He had extensive experience in competitive jumping sports and was familiar with proper vertical jump technique. The athlete performed two vertical jumps: one at submaximal intensity and one at maximal intensity. The jumps were filmed using Dartfish video analysis software from the sagittal plane. The high-speed camera captured time-stamped frames, which were analyzed for precise measurement of joint angles and trunk positions throughout the jump (Kellis and Katis, 2007).
The key phases of the vertical jump, as identified in the analysis, included:
Initial Position: The starting position before the descent begins.
Descent: The phase during which the body moves downward, preparing for the jump.
Maximum Flexion: The deepest point of flexion in the hips, knees, and ankles, where the muscles are preloaded.
Propulsion: The phase when the body begins to extend the joints, generating upward force.
Take-off: The moment when the body leaves the ground.
Flight and Landing: The body remains in the air during the flight phase before landing and absorbing the impact.
The trunk angle was measured at key phases, with 180° representing an upright posture. The "low time" refers to the duration from the start of the descent to the maximum flexion phase. This variable was analyzed to assess the efficiency of the countermovement, with a shorter low time suggesting more effective preparation (Komi, 2003). Joint actions and muscle contractions were also evaluated at each phase, along with range of motion (ROM) in the sagittal and mediolateral planes.

Discussion
The kinematic analysis of the vertical jump reveals notable differences between the submaximal and maximal jumps. The maximal jump, characterized by a shorter low time and deeper trunk flexion, allows for a more explosive upward movement. The increased trunk flexion during the maximal jump facilitates greater activation of the gluteus maximus and hamstrings, which are essential for generating power (Markovic and Mikulic, 2010). However, the increased trunk flexion places additional stress on the lumbar spine, which could lead to injury if proper core stability is not maintained (Zazulak et al., 2007).
The rapid transition from eccentric to concentric phases in the maximal jump, coupled with higher angular velocities, suggests improved neuromuscular efficiency. This aligns with the theory of the stretch-shortening cycle, where eccentric loading enhances subsequent concentric force production (Komi, 2003). These findings also echo the work of Bobbert and van Soest (2001), who emphasize that muscle-tendon unit elasticity plays a key role in vertical propulsion. The improved performance in the maximal jump, however, also implies a higher injury risk due to the increased angular velocities and joint stresses, particularly in the lumbar spine and knee joints (Hewett et al., 2005).
Maximal jumps, although offering performance benefits, should be approached with caution, especially in athletes who have not developed adequate core stability. Inadequate trunk control can lead to improper posture during take-off and landing, increasing the risk of lumbar spine injuries, ACL tears, and knee injuries (Myer et al., 2011). The results of this study underscore the importance of incorporating both strength and stability training into an athlete’s training regimen to balance performance improvements with injury prevention.

Training Implications
To optimize vertical jump performance while minimizing the risk of injury, athletes should focus on strengthening the posterior chain (glutes, hamstrings, lower back) to support the increased flexion required during the maximal jump (Behm and Sale, 1993). Incorporating eccentric training exercises such as eccentric squats, lunges, and box jumps will help improve control during the descent phase and enhance the athlete’s ability to transition quickly into the propulsion phase (Markovic and Mikulic, 2010).
Core stability exercises are also crucial for maintaining proper trunk control, particularly during maximal efforts. Exercises such as planks, Russian twists, and stability ball rollouts will improve core strength and reduce the likelihood of spinal injuries (Zazulak et al., 2007). Furthermore, plyometric drills, such as depth jumps and bounds, will enhance the stretch-shortening cycle, improving the athlete's ability to produce force quickly and efficiently (Komi, 2003).
Athletes should be mindful of their landing mechanics, focusing on absorbing impact with proper joint alignment and controlled deceleration (McLean and van den Bogert, 2004). Training in proper landing mechanics, as well as strengthening the quadriceps, hamstrings, and calves, will reduce the risk of knee and ankle injuries, particularly during high-intensity jumps (Hewett et al., 2005).

Conclusion
This kinesiological evaluation demonstrates that maximal vertical jumps, characterized by deeper trunk flexion, shorter low times, and greater angular acceleration, result in enhanced performance. However, these same factors also increase the risk of injury to the lumbar spine and knees. Targeted training, including posterior chain strengthening, eccentric training, and core stability exercises, is essential to optimize jump performance while minimizing injury risk. By refining technique and improving neuromuscular coordination, athletes can achieve higher vertical jumps with a reduced likelihood of injury (Cronin and Hansen, 2005).
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