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ABSTRACT 

	
Aim: To examine the biomechanics of jumping and landing and their significance in athletes’ performance. 

Problem Statement: Many athletes still lack a deeper understanding of the fundamental biomechanics of jumping and landing, which hinders their performance during sporting activities.

Significance of Study: A critical analysis of the entire biomechanical parameters of jumping and landing is essential in each phase of developing efficient training programs to minimize non-contact injuries in athletes.

Methodology: Research write-ups, published articles, and relevant books in the biomechanics of jumping and landing were put together to compile this review article. 

Discussion: The critical constituents in sporting activities that have a profound influence on the athlete’s injury risk and performance are the jumping and landing biomechanics. This review article discusses the fundamental principles of biomechanics that strengthen maximum jumping and landing approaches in different sporting activities. Insights into how athletes can minimize their risks and improve their performance are provided via the analysis of the motions involved, forces, and musculoskeletal dynamics. Two-dimensional and three-dimensional models are the different simulation techniques found in jumping during sports. 

Conclusion: The incorporation of biomechanical analysis into training and technique adjustment is essential to enhance safer and more effective performance of athletes. 
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1. INTRODUCTION 

An essential movement that is usually adopted in sport is jumping. Vertical and horizontal jumping can be executed with techniques such as high jump, long jump, and different scenarios in volleyball, basketball, and other sporting activities. Vertical jumping tasks that can be completed in the absence of an approach include the countermovement jump, drop jump, and the squat jump [1]. The fundamental approach applied in long jumping has still been unaltered since the commencement of athletics in the mid-nineteenth century [19]. The mechanism involves sprinting down a runway, jumping up from a take-off board, flying, and landing in a long pit filled with sand. Thus, an effective long jumper must have strong legs for jumping, be a fast sprinter, and be well-coordinated to execute the relatively difficult take-off, flight, and landing movements. Approximately distances of 8.0–9.0 m and 6.5–7.5 m are reached and achieved by the best men's and women's long jumpers, respectively [2]. 
In long jump, the goals are equal irrespective of the ability or gender of the athlete. The athlete must reach the run-up end with a more horizontal velocity, together with the take-off foot perfectly placed on the take-off board, to have the greatest possible jump distance [3]. A huge vertical velocity is often tried by the athlete during the take-off while reducing any horizontal velocity loss [20]. Also, it is important that the athlete controls the forward rotation of his movement in the flight phase, which is usually generated during take-off. Additionally, their body must be placed in a proper position for landing. The mark made by the athlete's feet must be passed forward during the landing without minimizing the jump distance and sitting back [4]. 
The sequential composition of the high jump includes the curved and straight run-up, preparation for the takeoff, the takeoff, flight, together with the bar clearance, and lastly the landing. Takeoff simply implies a fast run-up to jump from one leg after a long distance. The muscle work during the takeoff is reactive, concentric, and eccentric in a very minute contact time of 0,13 to 0,18 seconds. The arms and the free leg are used by the athlete during takeoff for swinging support. Takeoff equally signifies a partial change of horizontal speed of the run-up to vertical to aid the jumper in producing a takeoff angle. In high jump, the maximum takeoff angle is 40 degrees, which gives room for a substantial change of direction with an enormous force on the takeoff foot [5]. 
A maximal approach speed is not necessarily needed to be produced in the high jump. Only the best approach speed is needed by the athletes to reach 5 to 10 run-up steps. In the first and the last, about 2-5 strides and 3 to 5 strides are done in a straight way and a curved run-up, respectively, in the flop style. The technique looks like a “J” which is curved at the end from a bird’s view, while the positioning of the takeoff position is executed in the first third of the bar length. There is usually a continuous acceleration from the commencement to the first but last stride [6]. The body is positioned in an upright location or slightly placed forward while leaning comparably to a 400 m sprinter in the first strides. This position is constantly kept in the curve, but additionally, an inward lean of the entire body is generated by the curved run.
The takeoff preparation is the last two steps of the run-up. The inward leaning is kept by the body, but its forward lean position is left. However, at the initiation of the takeoff, the body changes constantly from an upright to a back layout position, which is known as the touchdown of the takeoff leg. The back layout involves both the takeoff leg and the body, and thus, they both build a lever or straight line [7]. The mass center is lowered by this double leaning during touchdown, and thus, the commencement of the vertical acceleration takes place. This occurs by three harmonized events which include: passively raising the inward leaning lever of the back, the jumping muscles of the foot, intensive contraction of the back muscles, the free leg swing, and arms first for- then upward. 
[bookmark: _Int_41mdOtEJ]The body raises and changes to vertical energy from horizontal energy through this action. Thus, the leg-body lever is positioned in an upright manner at the termination of the takeoff. Also, a high-end position is reached by the swinging arms and free leg in a way that the mass center is high [8]. The body has a high vertical speed with reference to the vertical impulse, but the horizontal speed is at rest. However, the take of the free leg swings is diagonal to the inside of the curve and not straight. With this, the trunk fluctuates from the inward lean to the vertical and then turns a little bit into the inside direction. By doing so, the shoulders may lean a little bit more to the bar [4]. A sophisticated rotation momentum is produced, and thus the body revolves after the takeoff with its backside to the air. Also, the body revolves from a vertical to a horizontal position over the bar. (“Biomechanical analyses of the high jump technique (Wolfgang Killing)”) Based on this, the athlete spends more time coming back to the horizontal position as the bar becomes higher. This article discusses the basic techniques of biomechanics of jumping and landing approaches in different sporting activities. 

2. VERTICAL jumping elements

Vertical jumping is paramount in numerous sporting activities like volleyball, basketball, handball, and so on because of its principal contribution to lifting trophies in tournaments. For example, when an athlete jumps higher than the opponent, it gives him substantial competitive benefits over others. Volleyball players must be able to spike and block, while finishing tough shots and rebounding well over other opponents are required by basketball players. The fundamentals of jumping are known by many athletes, but only a few know the contribution of body mechanisms to jump height. Non-extension movements, arm swing, squat depth, and toe flexor strength are the major elements of vertical jumping [9]. 
· Non-extension movements
Movements that are not in line with any lower leg extension are referred to as non-extension movements. Specific examples include twisting, bending, rotating, and swinging. On the other hand, these movements are apparently not related to the principal jumping mechanics. Conversely, some of these movements have been identified as having a major influence on jump height. A running jump off one leg has revealed the generation of appreciable joules of mechanical energy, by different non-extension movements, which can then be converted into the required energy to generate more jumps. Also, an appreciable amount of velocity can be reached by the center of mass of the participants. From this, the energy can be calculated. The free-leg thigh, the stance-leg calf, and pelvis rotations have been equally reported to increase the energy by 59% during the takeoff phase. The order of contribution was free-length thigh > stance-leg calf > pelvis [3]. 
· Arm swing
For many people, the arm swing is instinctive in a jump. Despite this, it is imperative to have fundamental knowledge of the arm swing mechanics for better use of its mechanism. Arms are swung back by people when they squat down during a jump. They are then swung back up as they move vertically forward. This has been proven to have an enormous influence on the jump height in a study conducted on participants who were asked to jump with and without swinging their arms after standing on a force platform. In the presence of an arm swing, the entire participant's jump was greater. This resulted from an increase in the ground reaction force as the swing increased from the force platform [10]. This shows that the ground has been pushed off by the participant with a higher force, which in turn formed a greater takeoff velocity, causing a higher height. Figure 1 stands for the schematics of various biomechanics of arm swing during sporting activities. 
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Figure 1: Schematics of the biomechanics of arm swing during sporting activities

· Squat depth
Squat depth has been obviously revealed to form part of jumping. It is essential that an average athlete knows the significance of a jump. The maximum squat depth needed to improve jump height has been evaluated using the inside angle of the knee at the squat bottom [11]. Three different depths were instructed for the participants to squat, which include > 90o, < 90o and their desired natural squat depth as shown in Figure 2. This was done before jumping as high as they could. Remarkably, greater jumps were seen for squats at < 90 ° than those at the desired depth, which was linked to the production of the highest takeoff speed. 
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Figure 2: Different depths for squatting at different angles

· Toe flexor strength
When jumping, athletes hardly consider the flexor strength, which needs discussion in this review article. The greatest force reached has been seen in athletes who were asked to squeeze their toe grip as tough as they could after standing on a toe grip dynamometer [7]. They were then asked to jump as high as they could independently. Greater jump heights were associated with those participants having greater toe flexibility. This correlation between jump heights and toe flexor strength is a well-established fact that can aid athletes in gaining a slight superiority over other competitors via training of toe flexors. Figure 3 is a typical representation of an athlete squeezing his toe grip on a toe grip dynamometer. However, this is not all-encompassing about all the requirements for jumping, but understanding the mechanisms could be of help to athletes in scheduling the components of their training program. Because of the high competitiveness of sports in the present-day world, there is a need for all athletes to look for a leg up via a better understanding of the biomechanics behind jumping [12]. This can enhance their performance for excellent sports performance.
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Figure 3: An athlete squeezing his toe grip on a toe grip dynamometer.

3.0 	biomechanics of jumping and landing

The understanding of jumping biomechanics in a usual condition is vital before the development of a jumping–landing simulation model. The basic assumption for achieving this is that there is similarity between the mechanics of stepping off a box and from a countermovement jump. The second assumption is that any one of them can be adopted by analyzing the human jump in the sagittal plane [8]. However, it was proven after analyzing both the joint angles and ground reaction forces during both practices that they are comparable during the characterization of the human jump. Differences in both the movements before contacting the ground and the lower body positions were reported [13]. 

In the first instance, a more rapid experience of peak ground reaction forces than after the countermovement jump was affirmed in the scenario of stepping off a box. The occurrence of joint angles and higher muscle activation was seen during landing for a countermovement jump, on the other hand [4]. Thus, the countermovement jumps or drop vertical jump can be incorporated in various training protocols based on each athlete’s sport demands. This is because all these factors are linked with impact attenuation and the mass deceleration center. If both the drop vertical jump and countermovement vertical jump are considered to generate varying kinematic and kinetic behavior in the participant, the simulation technique could duplicate any of the horizontal jumps. This is a function of the design parameters of interest and the study focus [14].

The landing phase can be grouped into separate phases, which include absorption, pre-landing, and braking phases. It can equally be preparatory, loading, and attenuation stages. The occurrence of each one of the stages is usually very rapid, and numerous parameters obtained from force platform data, EMG, and experimental motion capture are adopted in differentiating them. After the analysis of all phases, the actions of the participant are defined by attenuation and absorption and are connected directly to the landing impact energy absorption [15]. As reported in the literature, the anterior cruciate ligament (ACL) is predicted and prevented by the moments and the joint angles. There are often higher knee abduction angles for the case of drop jump landing, where there is a succeeding jump after dropping. However, this practice may not necessarily be the best experimental approach in testing for biomechanical parameters during landing if consideration is given to the substantial dissimilarities between both landing stages of drop jump landing [11]. Warm-up techniques like exercise intermittence, such as muscle fatigue and neuromuscular training, directly entail biomechanics over the joints to increase or decrease the risk of ACL injury. 


3.1 	simulation techniques of jumping

The different simulation techniques of jumping recognized in sport include two-dimensional (2D) models and three-dimensional (3D) models. The two-dimensional models are basically examined in the sagittal plane, while musculoskeletal or skeletal systems can be developed by both the 2D and 3D simulation models. The testing of every probable condition may not be possible with an individual subject’s attributes due to the high dissimilarities and fluctuations in jumping cases across sports. However, the performance and injury prevention can be executed via the adoption of a simulation model [16]. 

· Two-dimensional models
The two-dimensional (2D) models give room for the theoretical examination of the effects on landing techniques and jumping performance. One of the simplest methods for simulating a human jump is to denote the various body parts as discrete masses linked with springs and dampers to stand for the muscles' contraction and the external forces. A more peculiar technique is representing the body parts as segments linked by joints with various numbers and kinds of actuators based on the intended outputs to analyze. This musculoskeletal system representation is multipurpose with reference to possible analyses that can be executed [9]. The performance can be estimated using this model with various first postures for the vertical jump. Figure 4 stands for the two-dimensional skeletal model for the human jump in an arbitrary configuration.
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Figure 4: Two-dimensional skeletal model for a human jump in an arbitrary configuration


· Three-dimensional models

The ability of 3D model creation for jumping simulations has been presented in earlier studies. An optimization-based technique referred to as “predictive dynamics” has been reported to be applied for a three-dimensional skeletal model with 55 degrees of freedom [17]. The joint torques were evaluated by this model with reference to joint profiles, moments, and external forces for various loading situations. The report was on one 3D musculoskeletal model of the entire body. When consideration was given to the muscles, two levels of muscle space, joint space, and redundancy were noticed for the human model. An inverse dynamics technique, which also entails the arm swing effect, is mathematically effective for the special scenario of a human jump [18]. A significant enhancement in vertical displacement of the mass center was revealed with high consistency with estimations with the aid of human subjects. Consideration can be given to the locations of hundreds of muscles that are linked to bones using 3D simulation models. 


4. CONCLUSION

Adequate knowledge about jumping and landing biomechanics is vital for the optimization of athletes’ performance and the prevention of injuries during sporting activities. Greater performance levels can be reached by athletes through the application and implementation of principles behind biomechanics to their technique and training development. While aspiring to better performance levels, the injury risks can equally be minimized with this knowledge. It is not proper to separately analyze jumping and landing as activities because the former often has a requisite of the latter. Reaction forces and moments, and joint angles are the most expressive features intricately linked to lower limb injuries when considering joint biomechanical factors. Each of the features can be described for every case of jumping, flight, and landing phases. It is recommended that there should be continuous exploration of the interplay between gymnastics and biomechanics in future studies, together with the design of equipment and nurturing developments in training techniques. 
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The arm swing in a jump is intuitive for most people, but it is important to still understand its mechanics to better utilize the
mechanism. During a jump, people swing their arms back as they squat down, then swing them back up as the propel
vertically. How does this impact jump height? A study was performed by Hara et al. (2006) where participants stood on a force
platform and jumped with and without swinging their arms. Every participant's jump was higher with an arm swing. This is
because the ground reaction force from the force platform increased with the swing, meaning the participant had pushed off
the ground with greater force. This created a higher takeoff velocity, resuiting in a greater height
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Top: @ jump without an arm swing. Bottom: a jump with an arm swing. Modified from Hara et al. (2006).
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Understanding the mechanics behind each of these elements can help guide athletes in training regimens to better increase
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jump height.

Squat Depth

It seems obvious that squat depth s a part of jumping, but does

the average athlete really consider how deep they squat during

ajump? A study was done by Gheller et al. (2014) to determine

the optimal squat depth to increase jump height. The depth was

measured by the angle of the inside of the knee at the bottom ~ n -
of the squat. Participants were instructed to squat to three

different depths, < 90-, > 90-, and their own preferred, natural

squat depth, before jumping as high as they could. Surprisingly, ¢ gifferent squat depths studied. Taken from Gheller et
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Non-extension movements are movements not related to any lower leg extension. In other words, these are movements
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Toe Flexor Strength

Toe flexor strength is rarely considered when jumping, which is
why itis important to understand. In this study by Yamauchi and
Koyama (2020), participants stood on a toe grip dynamometer
and squeezed the grip s hard as possible. The maximum force

was recorded, then separately, participants jumped as high as
possible. Participants with greater toe flexor strength also had
greater jump heights. This is a lesser-known correlation that
can help athletes gain a slight advantage over competitors by
training their toe flexors.

Toe flexor strength experimental setup. Taken from
This is not an all-intensive list of what goes into jumping but Yamauchi and Koyama (2020).

knowing how these mechanisms work can still guide an

athlete’s training program. In today’s world, sports are so

competitive; everyone is always looking for a leg up (pun intentional). Knowing the biomechanics behind jumping can truly lead
to better sports performance

Featured image from Giannis Anteokonumpo by Erik Drost under CC BY 2.0
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1. Two-Dimension Models

Before developing a jumping-landing simulation
model, it is necessary to understand the biomechan-
ics in a usual jumping situation. Simulation mod-
els can be divided into two-dimensional (2D) and
three-dimensional (3D) categories for which 2D
‘models are typically analyzed in the sagittal plane.
Both 2D and 3D simulation models have the pos-
sibility of developing skeletal or musculoskeletal
models

As mentioned before, it is commonly assumed
that the mechanics from a countermovement jump
or from stepping off a box are similar, and that ei-
ther one of them can be used to analyze human jump
in the sagittal plane. However, after analyzing both
the ground reaction forces and joint angles during
both practices, it is clear that these two are not com-
parable practices at the time of characterizing the
human jump. Literature reports that the lower body
positions and movements before ground contact are
different for each task  First, in the case of stepping
offa box (i.e., a raised platform), it was obvious that
peak ground reaction forces are experienced more
rapidly than after a countermovement jump ¢ On the
other hand, for a countermovement jump, greater
‘muscle activation and joint angles occur during the
landing. Since all these factors are associated with
the center of mass deceleration and impact attenu-
ation, depending on the demands for each athlete’s
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‘upper arm and forearm, the model predicts jump
‘motion and joint torques. Further research could
include other segments to take this effect into

FIG. 1: 2D skeletal model for human jump in an arbitrary
configuration®
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