Next Generation Science Standards

HS-PS2-2: Use mathematical representations to support the claim that the total
momentum of a system of objects is conserved when there is no net force on the system.

Example Problem - Soccer kick

Kicking is fundamental to soccer. It is informative to analyze a soccer kick using physics.
The schematic below illustrates a kick in action.

A

To analyze the kick we can treat it as an inelastic collision in one dimension, between
soccer ball and foot. For inelastic collisions there exists an equation which accounts for
the inelastic nature of the collision. This equation relates the initial and final velocities of
the colliding bodies. The equation is:

o= Vbz B sz
Vfl B Vbl

Where:

e 1s the coefficient of restitution. For all collisions this value is between 0 and 1. Fore =1
the collision is elastic and kinetic energy is conserved (the most efficient case). Fore =0
the collision is plastic (the most inefficient case), and the colliding bodies stick together
and move with the same velocity, after impact

Vs, 1s the velocity of the soccer ball before the kick

V1 is the velocity of the foot before the kick

Vs, is the velocity of the soccer ball after the kick

V> is the velocity of the foot after the kick
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Next we have conservation of linear momentum for a one-dimensional collision:
mef1 +m,V,, = mef2 +m,V,,

Where:
my, 1s the mass of the soccer ball
myis the effective mass for the foot

Note that "effective mass" refers to the stand-alone mass that would produce the
equivalent dynamic effect upon colliding with the soccer ball. In reality, the player's foot
is acted upon by external forces; forces which are generated by the player's leg muscles
during the kick. Now, there exists an equivalent mass in place of the foot, which is not
acted upon by external forces, and which (upon colliding with the ball), produces the
same dynamic effect. This is called the effective mass for the foot. This effective mass is
larger than the actual mass of the foot. For example, a 1 kg human foot striking a ball at
20 m/s (acted upon by leg muscle force), produces, say, the same dynamic effect as a
stand-alone mass of 2 kg (not acted upon by any force), striking the ball at 20 m/s. It is
necessary to think of a stand-alone mass in this way because the above equation has mass
in it. If we were to use only the actual mass of the foot we would have to also include the
forces acting on the foot. This would greatly complicate things. So to simplify the
problem we use instead an effective mass for the foot in order to conveniently apply the
above two equations. This allows us to obtain a reasonable solution without too much
effort.

Now, combine the above two equations to obtain an expression for V.

Vflmf(1+e)+Vb1(mb —emf)

p2 —
m, +m,

Since the ball is initially stationary, V;; = 0.

From reference [1] the effective mass for the foot is approximately four times that of the
ball (m,= 4m,). Hence, the above equation simplifies to:

V,, =0.8(1+ eV,

For professional players, the ball velocity (V52) can be as high as 60-70 mph. Soccer
players want e to be as high as possible since this results in a more efficient kick with
higher ball speed. This in turn depends on the kicking technique, among other things.
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From the above equations we can determine the velocity of the foot after the collision:

This result makes sense since we expect the velocity of the foot to decrease somewhat
after the kick.

Based on experimental results, the value of e for soccer kicks is between 0.46-0.68 [2, 3].
For FIFA approved soccer balls, the coefficient of restitution must be between 0.82—0.88
at 20 degrees Celsius and between 0.79-0.88 at 5 degrees Celsius. The coefficient is
measured by dropping the ball onto a rigid surface from a height of 2 m and measuring
the rebound height. The coefficient is given as the square root of the ratio of the rebound
height to the initial drop height [4].

The coefficient of restitution depends on the mechanical properties of the ball, the ball
temperature, the shoe, the ankle, and the foot during impact.

To gain an idea of the kick force generated by a professional soccer player during a kick
we can use the impulse equation: Fy,.At = mpAd V), where F,,, 1s the average kick force
during the impact between ball and foot, A¢ is the time duration of the impact, and 4V} is
the change in velocity of the ball during impact. AV, = Vj,. If we use a time duration of A¢
=0.01 s, a ball mass of m; = 0.45 kg, and V3, = 30 m/s, we can calculate F,,,. We get Fyq
= 1350 N.
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