
Biomechanics of Volleyball

1. Jumping and landing

In order to serve, set, spike or block the ball as high as possible, the jumping ability is a key

factor in indoor and beach volleyball. A great jumping height allows the server to play the ball

with a flatter initial projection angle, the setter to decrease the time between set and attack,

the attacker to spike over the block and the blocker to overreach the net with the arms.

Individual muscle properties, movement conditions and jumping technique determine the

height of a jump. Following a jump landing is inevitable and the way athletes land will influence

the stress in their joints. Therefore, landing techniques are crucial regarding injury prevention.

a. The neuromechanics of jumping

There is a deterministic relationship between the velocity of the centre of mass (CoM) at take-

off (vTO) and its increase in height during a jump (Equ. (i)). Thus, athletes intend to accelerate

their centre of mass to maximize take-off velocity. According of motion (Equ.

(ii)), the necessary acceleration (a) is proportional to the sum of the applying forces (Fi). During

a jump the forces acting on the body are at one hand the weight of the athlete and on the other

hand the forces developed by the muscles that are transferred to the ground. While the

constant weight force is acting downwards, athletes extend their legs to produce force that

accelerates the CoM upwards. The more force they are able to apply on the ground until take-

off (i.e. the greater the applied impulse), the higher they accelerate their centre of mass which

results in a higher take-off velocity, leading to greater jumping heights.

i) ii)

Besides the intrinsic development of force by the muscles due to recruitment of motor units

and increase of their firing rates, the amount of force acting on the centre of mass also depends

on movement conditions, i.e. the contraction dynamics or the transfer of force to the ground.

According to the force-velocity relationship (Hill 1938), the force a muscle is able to develop is

related to its contraction velocity. Higher forces are related to lower contraction velocities or

even zero or negative contraction velocities during isometric or eccentric contractions,

respectively. In addition, the force-length relationship (Gordon et al. 1966) is determining the

force which a muscle can develop depending on its length. The muscle force is then transferred



via the tendons to the bones and subsequently to the ground. This is influenced by the

properties of the tendons and the jumping surface (shoes and floor type).

Intrinsic muscle properties like neural activation capacity, force-velocity relationship and force-

length relationship can be altered by training (Widrick et al. 2002) within individual boundaries.

Simulation studies (Thaller et al. 2010) have shown that individuals have to alter specific

aspects of their muscle properties to increase jumping height. This indicates the importance of

individualized training. While some athletes would have to increase their maximal force, others

might have a deficit in maximum contraction velocity or maximum power capacity. Since the

amount of time during a jump movement is limited, the increase of force which is related to the

neural activation capacity also affects the jumping height. Besides simulations, regression

analyses on experimental data have shown that in general the capacity to develop high

mechanical power during the push-off phase is closely related to jumping height (Aragon-

Vargas und Gross 1997). The general importance of muscular power is also underlined by the

results of the review by (Ziv und Lidor 2010) who pointed out the success of explosive

plyometric training to increase jump height in volleyball players.

Different techniques like a counter movement or the use of arm swings have substantial effects

on jumping height. A counter movement, i.e. a lowering of the CoM before the upward

movement during the push-off phase increases the jumping height by around 7 % (Bobbert

und van Ingen Schenau, G J 1988; Wagner et al. 2009). The causes for this increase are an

increased myoelectrical activity in the stretch-shortening-cycle (SSC, (BOSCO et al. 1982), the

storage and recoil of elastic energy (Kurokawa et al. 2003), and a greater level of active state

(Bobbert et al. 1996). Lees et al. (2004) and Hara et al. (2006) have reported an increase of

jumping height by 19-23 % due to the use of an arm swing. The reasons for this improvement

are an increased centre of mass (due to the already elevated arms at take-off) and a decrease

of contraction velocity of the leg muscle which leads to an increase in muscle force due the

force-velocity relationship. Another important movement condition is the surface where the

jump is performed. (Giatsis et al. 2004) have shown experimentally that jumps on sand are 14

% lower than jumps from a rigid surface. The reason for this decrease is the energy absorbed

by the soft surface due to the mechanical work done on the surface, i.e. the sand. Similar, but

less substantial effects can be expected by different shoe sole or indoor surface materials.

Although stiff materials have advantages during the take-off, they will also absorb less energy

during the landing phase which might lead to higher stress in lower limb joints.

Jumping is a specific skill of volleyball players which is underlined by studies that reported

greater counter movement jumping heights reached by volleyball players compared to athletes

from soccer, handball, basketball, or rowing (Kollias et al. 2004). Furthermore, recent findings



(Sattler et al. 2014) revealed that volleyball players from the first division jump higher than their

colleagues from the second division in Slovenia.

b. Spike and serve jumps

In order to smash the volleyball in the court of the opponent, athletes try to reach the greatest

possible jumping height during their spike jump. The volleyball spike jump technique includes

a three step approach with a two-legged jump, a countermovement, and the use of an arm

swing (Wagner et al. 2009). Due to this favorable movement conditions, spike jump (SPJ)

heights are greater than heights reached during squat jumps (SJ) or counter movement jumps

(CMJ) from a standing position. While SPJ are reported to be approx. 25 % higher than CMJ

(Maffiuletti et al. 2002; Sheppard et al. 2008), CMJ are about 7 % higher than SJ (Wagner et

al. 2009; Bobbert et al. 1996).

The kinematics of the volleyball SPJ was early analyzed by (Coleman et al. 1993). Lately,

(Wagner et al. 2009) have analyzed SPJ technique and identified the most important kinematic

parameters related to the volleyball SPJ height. SPJ height correlated significantly with the

maximal horizontal velocity of the centre of mass (CoM) and with the minimum height of the

CoM during the three step approach in high-level athletes. Thus, within the measured ranges

a faster approach and a lower squat during the jump preparation (see Fig. 1) were related with

greater jumping heights.

The last two steps of the three step approach of a volleyball spike jump: 1-2 approach phase, 2-4

downward phase, 4-6 upward phase (adapted from Wagner et al. (2009), with permission)

Although the SPJ is a two-legged jump, only the range of motion (RoM) of the right knee flexion

extension and the maximal angular velocity of the left shoulder hyperextension were

significantly related to jumping height. The reason for this is probably that the SPJ is rather

asymmetrical as can be seen in Figure 1. (Wagner et al. 2009) found out that during the upward



phase the right foot is closer to the CoM than the left foot and therefore would contribute

predominantly to the vertical acceleration of the CoM. Another asymmetry can be observed in

the upper body. Figure 1 shows the trunk rotation around the vertical axis in order to increase

the acceleration path of the hitting arm.

c. Block jumps

Similar to a soccer goalkeeper acting against an approaching attacker, block players try to

decrease the attacking angle of the spiker by overreaching the net with their arms.

Mechanically, this produces an angular momentum around the transversal axis. Since the

blocking player is in the air during the jump, the laws of physics implicate a preservation of

(angular) momentum. Hence, the momentum by the arms has to be counteracted by an

opposite (angular) momentum of a different body part. If this compensation movement is not

actively executed by the legs (Figure 2), the compensation might occur by a backward

movement of the trunk which is not desired because it decreases the overreaching of the arms

and might open a gap between the arms and the net. Compensation of the angular momentum

of the arms by the lower extremities can also be observed around the anterior-posterior axis

(Figure 2). In order to avoid a technical mistake by touching the line or an uncontrolled landing,

these angular impulses have to be reversed during the landing.



d. Landing

What goes up must come down - it is inevitable to land following a jump. During the downward

phase of a jump the athlete increases his/her downward momentum due to gravity. This

momentum must be decreased during the touch down phase by the ground reaction force

acting on the body. Depending on the surface (hard/soft) or the muscle activation and hence

the stiffness of the legs, the peak ground reaction forces can vary substantially during the

landing and the peak forces and loading rate generally exceed those during the take-off

movement. Such high forces are related to high stress in the lower limb joints and may cause

acute and overuse injuries like anterior cruciate ligament ruptures or patellar tendinopathies,

respectively (Bahr und Reeser 2003).

In volleyball, several factors influence the ground reaction force during landing. The landing

surface affects the forces that are acting on the athletes. Stiffer surfaces will lead to higher

forces. This is in line with the fact that elite beach volleyball players that play on soft sand

surface are less vulnerable to patellar tendinopathies compared to indoor players (Lian et al.

2005). Similarily, the stiffness of the shoes will influence the developed forces during landings

following a jump (DeBiasio et al. 2013). Besides the environmental factors also the activation

pattern and landing techniques will affect forces during landings substantially. (Lobietti et al.

2010) analyzed landing patterns (left or right foot or both feet together) in high-level volleyball

and reported e.g. differences between the sexes in block, set, and spike but not for the jump

serve. Furthermore, one foot landings with higher risk of injuries were related to court position

and setting trajectory. Athletes that spiked faster sets were more likely to land on one foot.

e. Differences between indoor and beach volleyball

Although the playing concept and game idea of indoor and beach volleyball is quite similar,

techniques of these athletes vary significantly from a biomechanical point of view due to

different movement conditions, i.e. sand compared to indoor surface or the number of players.

When comparing the spike technique of these types of sport, (Tilp et al. 2008) found out that

beach volleyball players adapt their techniques to the softer sand surface. They slowed down

their movements, especially during the eccentric-concentric phase at maximum knee flexion

and during the acceleration phase. On sand, players decrease their CoM lower than indoors

(see Figure 3) to reach maximum jumping height. Furthermore, beach volleyball players placed

their feet more parallel and flat on the ground compared to indoor players. The authors



hypothesized that the flatter sole contact on sand increases the contact area where force can

be distributed and therefore may decrease the sinking process.

Vertical position (solid lines) and linear velocity (dotted lines) of the centre of mass during a beach

volleyball (black) and an indoor volleyball (grey) spike jump (from).

While the sand surface has disadvantages regarding the jumping height, it has advantages

regarding the landing. Besides the lower jumping height, which results in a lower downward

momentum, also the yielding property of sand decreases forces during the landing compared

to hard surfaces. At touch-down the downward momentum must be decreased by the ground

reaction force acting on the body. On a softer surface the sum of the ground reaction force is

distributed over a greater distance (due to the greater penetration in the sand compared to a

hard surface in the gym) and greater time. Thus, the maximum force on a sand surface is

smaller compared to a hard surface. Furthermore, the playing concept of beach volleyball with

only two players is slower compared to indoor volleyball. Because it is obvious who is playing

the next ball within a team, fast sets and surprising tactics are not as effective as in indoor

volleyball. This results in more controlled landings on both feet on the sand following most of

the techniques especially in men (Tilp und Rindler 2013) which might be one reason for less

acute and overuse injuries in beach compared to indoor volleyball. Only following sets beach

volleyball players land more often on one foot compared to their indoor colleagues. The reason

for this is that beach volleyball players have less time to reach the setting position because at

the time of the serve it is not yet clear who of the two players will set the ball.



2. Spiking

Similar to other sports like team handball, tennis or baseball, an overarm technique is used

during the spike to accelerate the volleyball. While players in handball or baseball throw the

ball and tennis players hit the ball with a racket, indoor or beach volleyball players hit the ball

with their hand to score a point. At the instant of the spike a momentum (=mass.velocity) is

transferred from the hand to the ball from a mechanical point of view. Besides the two

parameters mass and velocity, the elastic properties of the ball and the hand affect the result,

i.e. the ball velocity. The mass and elastic property of the ball is regulated by the FIVB. The

elastic property of the hand and the mass acting on the ball can be regulated by muscle

activation of the athlete. Briefly, the stiffer the hand and the more mass is included (i.e. the

interacting of hand, arm, shoulder and trunk) the greater the momentum which is transferred

to the ball. This is however an optimization process since a fusion of the acting body parts to

one mass by muscle activation would also decrease the overall movement velocity. The body

solves this by a coordinated proximal-to-distal sequencing of the maximum velocities of the

interacting body parts (Wagner et al. 2014). (Coleman et al. 1993) determined that maximal

humerus velocity was associated with high post-impact ball speed. Furthermore, an increase

in ball speed can be achieved by an increase in pelvis, trunk and shoulder rotation in the

preparation phase of the spike which increases the range of motion. (Li Fang et al. 2008, 2008)

reported that a high range of motion is a key factor of the spiking technique and differentiates

beginners from high-level athletes. During the preparation phase and at the instant of the spike

the volleyball athlete is in the air and therefore, similar to the block movement, the laws of

physics implicate a preservation of (angular) momentum. Hence the momentum by the upper

body has to be counteracted by an opposite (angular) momentum of the lower body, i.e. a hip

extension and knee flexion during the preparation phase and a hip flexion and knee extension

at the instant of the ball hit (Figure 4).





behind the ball and therefore a smaller drag coefficient and thus to lower air resistance. The

transition from laminar to turbulent state occurs when a critical Reynolds number, which

depends on velocity and ball surface (Metha und Pallis 2001), is achieved where CD drops

abruptly. Interestingly, critical Reynolds numbers of Re=220.000-270.000 for volleyballs ((Asai

et al. 2010) occur at typical volleyball spike or service velocities and therefore lead to deviations

of the trajectory. During a float swerve this process leads to irregular non-symmetrical lateral

forces acting on a ball and leading to unpredictable trajectories (Qing-ding et al. 1988). Due to

structure differences in the surface of volleyballs of different producers in the past (smooth,

honeycomb, dimples), volleyballs have also changed their floating properties and therefore

trajectories (Asai et al. 2010).

iii) iv)

In a rotating ball, the so-called Magnus-effect alters the ball trajectory by introducing a lift force

(FL , see equation (iv) including a lift coefficient CL) in the direction of the ball rotation. Initially,

the German physicist Heinrich Gustav Magnus has explained this by different streaming

velocities and resulting in different pressure (Bernoulli Effect) on the different sides of the ball.

Later the American physicist Lyman J. Briggs explained this effect by a turbulent wake behind

the spinning ball. (Metha und Pallis 2001) explained that the rotation of a ball leads to an

asymmetric separation of the boundary layer and therefore to a wake deflected in the opposite

direction of the rotation. Following rd Law of Motion the deflected wake implies a

(Magnus) force on the ball and thus a curved trajectory. Thus, service or spikes with a topspin

rotation are deflected downwards (Figure 6). Consequently, a ball that was spiked over the

ation might still hit the ground within the court while a ball

without spin or even backward spin would be out. Similarly, a topspin serve will come down

closer to the net or can be played with higher velocity due to its downward deflection.

Figure 6: Comparison of the ball trajectory of a topspin serve (light crosses) and loat serve (dark crosses)

at similar serve speed of ~14 m/s. Note that the path of the topspin serve is delected downward.



Based on the knowledge of the influence of ball rotation on the trajectory and further

experimental data, (Kao et al. 1993)) has made simulations to find out the optimal spike

position on the court against a block with two blockers. They defined the optimal spike position

as the coordinates from where an attacker has the greatest possible attacking angle against a

central double block of 1.2 m width. They used a ball velocity of 20 m/s and an angular velocity

of 7 revolutions/s. Including this information they calculated an optimal spike position with an

attacking angle of 30° at 1.6 to 2.5 m behind the middle line and 0 1.5 m from the side line

from position II or IV on the volleyball field. This underlines the excellent spiking conditions for

back row spikers.

4. Summary and conclusion

Biomechanics in volleyball is important for maximal performance and regarding injury

prevention. Maximal jumping heights are achieved by maximizing take-off velocity. This is

supported by a countermovement and the use of an arm swing and will be decreased by a

yielding surface like sand.

During the aerial phase of serve-, spike- or block movements the (angular) momentum is

preserved. Therefore, angular moments produced by the arms are compensated by other body

parts. This coordinate processes should be trained in order to use adequate techniques. During

the overarm spike technique the momentum (mass.velocity) of the hand is transferred to the

ball. Coordinated muscle activity increases the momentum and the elastic properties of the

hand.

Acting forces during the landing phase are influenced by the landing surface and technique. A

yielding surface and landing on two feet will reduce force peaks and therefore injury risk.

The volleyball trajectory is greatly affected by velocity and rotation. While setting trajectories

are approximately parabolic, following spikes and serves at critical velocities the boundary

layer around the ball peels away in a turbulent state behind the ball which makes the trajectory

less predictable. A rotation on the ball leads to an asymmetric separation of the boundary layer

and therefore to a deflection in the opposite direction of the rotation.
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