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ABSTRACT 
 

The intelligent sports analysis requires exactly modeling the kinematics and dynamics of a soccer 
ball in a three-dimensional (3D) space.  To address this problem, a 3D dynamic model of the 
soccer ball is developed to simulate the motion and capture the kinematics and dynamics 
performance. The model consists of three sub-models governed by the classic mechanics and 
formulated as time-dependent ordinary differential equations (ODEs). The simulations involve 
visualizing the ball traveling trajectory, which contains the instantaneous force information; and 
plotting the time-varying displacement and force curves. The model is validated by comparison of 
the results from this simulation and another theoretical calculation. A case study is presented to 
simulate the projectile motion of a soccer ball in a virtual environment. The spatial kinematics and 
dynamics results are obtained and analyzed. The results show the max projectile height and range, 
and kick force increase with the increase of the initial velocity. This research is significant to 
simulate the soccer ball motion for promoting the planning, evaluation, and optimization of 
trajectory.  
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1. INTRODUCTION  
 
Dynamics model of a soccer ball can help to 
carry out the trajectory planning without 
practicing on a field; and dynamic simulation can 
accurately represent the motion of the ball to 
capture its dynamics performance to achieve 
force, trajectory, and position optimization. 
 
The researches of a soccer ball motion focus on 
mathematical modeling, computer simulation, 
and experimental measurement. In the early time, 
some physics or dynamics textbooks [1,2,3], 
already use a soccer ball projectile motion as an 
example to teach how to solve the particle 
kinematics problem in two dimensions (2D). 
Equation of motion is created as a simple 
ordinary differential equation (ODE). The external 
force involved in the equation is only gravity. 
With given a launching speed and an initial angle, 
the projectile trajectory is found.  
 
Following this fundamental mathematical model, 
the moving trajectories of a soccer ball are widely 
investigated by considering some environmental 
factors and initial conditions. Typically, the air 
resistance (aerodynamic drag) has been added 
in the equation of motion [4,5]. The effect of air 
resistance on the trajectory has been discussed. 
The results show that air resistance is a very 
important factor in understanding the motion of 
fast-moving soccer ball. It depends on not only 
the size, shape, surface roughness of a ball, but 
also the boundary layer: the laminar flow or 
turbulence. In some experimental studies 
[6,7,8,9], the drag coefficients are suggested for 
accounting the effect of the boundary layer on 
the drag of a soccer ball.  
 
The above research and development build a 
solid foundation to further investigate the motion 
of any kind of flight object. For example, the 
effects of the projectile angle on a particle 
traveling trajectory, velocity, and acceleration are 
studied using the equation of motion with 
consideration of air resistance [10]. Additionally, 
the effects of initial velocity, kick force, and kick 
position on the projectile trajectory of a soccer 
ball are explored [11,12,8].  
 
Reviewing previous researches brings some new 
considerations. The 2D soccer ball model is 
overly simplified by neglecting its three-
dimensional (3D) characteristics. For instance, in 

reality, the air resistance is a complex spatial 
force due to the variation of wind direction. Its 
boundary layer can transition from laminar flow to 
turbulence. It requires for full spatial 
representation of resistance to accurately 
demonstrate its spatial trajectory and capture its 
instantaneous position. This kind of consideration 
promotes to extend the study to the general, 3D 
case, which allows the formulation of a full 
dynamic simulation of a soccer ball.   
 
Recently, a training system is designed to 
simulate the free-kick of a soccer ball. The 
trajectory can be predicted for the given initial 
parameters [13]. The study has focused on the 
kinematics simulation rather than the dynamics 
simulation. Therefore, the contact force of the 
ball-ground doesn’t include in their model. The 
dynamic forces applied to the ball are not 
mentioned. The study emphasizes system 
development instead of sports analysis. The 
model validation is neglected. The detailed 
analysis and discussion are not given in the 
simulation results.   
   
In this study, a spatial kinematics and dynamics 
model of a soccer ball is developed. The model 
allows randomly applying a kick force or initial 
velocity on the ball in 3D space. The air 
resistance applied on the ball is formulated in x-
y-z directions. And, the equation of the contact 
force between the ball and ground is integrated 
into the model. The model is validated by a 
comparison of this simulation result and a 
theoretical calculation result [10]. An example is 
presented for demonstrating the model 
application as well as kinematics and dynamics 
analysis.  
 

2. DYNAMICS MODEL OF A SOCCER 
BALL PROJECTILE MOTION  

 
In this section, a dynamics model is built for the 
dynamic simulation of a soccer ball projectile 
motion. The model consists of several groups of 
mathematical equations, which are the equation 
of foot-ball impulsive force, the equations of ball 
projectile motion, the equations of air resistance 
applied on the ball, and the equations of ball-
ground contact at the landing point. The model is 
created by ignoring the ball flying spin, Magnus 
effect, and gyroscopic moment [7,10]. The 
modeling details are given in the following three 
aspects.  
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2.1 Equations of Soccer Ball Impulsive 
Force  

 
Fig. 1 shows a diagram of the initial configuration 
of foot-ball contact. A ball with mass m is moving 
at a velocity �⃗1 on a given direction and is kicked 

by a player by an impulsive force��⃗ . When the 
ball leaves the player’s foot, the ball travels with 
an initial shooting velocity �⃗ 2 ( �⃗ 0) at an initial 

projectile angle θ0, and initial orientation angle 0. 
If the foot and ball are in contact with time t, the 

relationship between the force vector ��⃗  and 
velocity vectors �⃗1 and �⃗2 can be given by the 
principle of linear impulse and momentum [1] as 
illustrated in Equation 2.1. 
 

��⃗ ∆� = (��⃗)� − (��⃗)�               (2.1) 

��⃗ =
(��⃗)� − (��⃗)�

∆�
             (2.1a) 

�⃗� =
��⃗ ∆� + (��⃗)�

�
            (2.1b) 

Usually, two problem-solutions are paid attention 
to (i) given velocities �⃗ 1 and �⃗ 2 to find the 
magnitude, and direction of the average 

impulsive force ��⃗  (see Equation 2.1a); and (ii) 

reversely, given impulsive force ��⃗  and �⃗1 to find 
the magnitude and direction of �⃗2 (see Equation 
2.1b). In the next sub-section, the �⃗2 will take a 
role as an initial velocity �⃗0 to shoot the ball and 
let it travel with projectile motion. 
 

2.2 Dynamic Equations of Soccer Ball 
Projectile Motion 

 
Fig. 2 shows a soccer ball projectile motion 
through the air on a field.  A Cartesian coordinate 
system o(x, y, z) is attached to the field ground at 
the ball center of mass in initial position, where x-
z plane attached on the soccer field with x-axis 
along the length direction and z-axis along the 
width direction, as well as y-axis is perpendicular 
to the x-z plane. Initial velocity vectorv ⃗0 of the

 

 

 

Fig. 1. Initial configuration for a soccer ball projectile motion 
 

 
 

Fig. 2. A soccer ball projectile motion with the free-body diagram at an instantaneous position 
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ball related to the initial projectile angle θ0, and 
initial orientation angle 0 can be broken down 
into three scalar components ��� , ��� , and ��� in 

x-y-z directions as illustrated in Equations 2.2-2.4. 
 

��� = �� cos �� cos ��                (2.2) 
��� = �� sin ��                (2.3) 
��� = −�� cos �� sin ��                (2.4) 

 
When the ball travels through the air, the air 

resists the ball motion with resistance �⃗ . It 
depends on the density of the air ρ, the cross-
sectional area of the ball A, the velocity of the 
ball moving �⃗  and the drag coefficient Cd. The 
drag coefficient depends on the boundary 
conditions, such as the surface roughness of a 
ball, as well as the laminar flow or turbulence of 
the atmospheric layer. The drag coefficients of a 
soccer ball are suggested between 0.1 and 0.5 
[9,14]. Then, the force of air resistance is 
established as Equations 2.5 and 2.6 [6,7,8,4]. 
 

�⃗ = −
1

2
�����⃗⌊�⃗⌋

= −��⃗|�⃗| 
                     (2.5) 

 
If d denotes the diameter of the ball, then 
 

� =
1

8
������                         (2.6) 

 
Fig. 2 also shows a free-body diagram of the ball 
in an instantaneous position. It notes that air 

resistance �⃗  is aligned and opposite to the 
velocity �⃗ direction. K is related to density, drag, 
and area. If the air resistance is non-
homogenous, K is broken down into three 
components Kx, Ky, and Kz along with x-y-z 
directions, respectively. Vector Equation 2.5 can 
be represented as three sets of scalar Equations 
2.7-2.9 to calculate the component resistance 
forces Fx, Fy and Fz, which are applied to the ball 
in x-y-z directions, respectively. 
 

�� = −���̇|�̇| 
                        (2.7) 
 

�� = −���̇|�̇| 
                        (2.8) 
 

�� = −���̇|�̇|                         (2.9) 
 
With the assumption that only air resistance F 
and gravity mg applied on the ball, the general 
motion Equation 2.10 is derived by Newton’s 
Second Law [15]. 
 

� ���⃗ = ��⃗                          (2.10) 

where ∑ ���⃗  is the vector of general external force, 
and �⃗  is the acceleration vector of the ball. 
Based on the free-body diagram in Fig. 2, 
Equation 2.10 is separated into the following 
three sets of scalar Equations 2.11-2.13 for 
calculating x-y-z component motions, 
respectively. 

��̈ + ���̇|�̇| = 0 
 
                    (2.11) 
 

��̈ + ���̇|�̇| + �� = 0                     (2.12) 
 
��̈ + ���̇|�̇| = 0 

                     
                    (2.13) 

 
The combined Equations 2.2-2.4 and 11-13 form 
a kinematics and dynamics system to                
simulate the ball projectile motion. Considering 
the initial conditions (Equations 2.2-2.4), ODEs 
2.11-2.13 can be solved to find displacements, 
velocities, accelerations, and forces for 
generating expected trajectory. 
 
2.3 Equations of Motion for Ball-ground 

Contact System   
 
When the ball lands on the ground, the ball 
impacts the ground and finishes the projectile 
motion. Fig. 3 shows a diagram of the final 
configuration of ball-ground contact. That is a 
ball-ground contact model, which is created as a 
mass-spring-dashpot system [16] with one 
degree of freedom to generate the interaction 
between the ball and ground. The mass m is 
equal to the mass of the ball, the spring 
represents the ball’s elastic properties and the 
dashpot expresses the balls damping 
characteristics. There are three types of forces 
applied to the system, internal forces, external 
forces, and inertia force.  
 

 
 

Fig. 3. A ball-ground contact model with a 
mass-spring-dashpot system
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Fig. 4. An animation result of the projectile motion trajectory of a soccer ball 
 
The internal forces are caused by the spring and 
damping, which act in the y-direction of contact 
normal at the ball-ground contact patch. This 
normal reaction force has two components, a 
spring force Fk, which is proportional to stiffness 
k and deflection, and opposite to the relative 
deflation; and a damping force Fc, which are 
proportional to the damping coefficient c and the 
rate of deflation, and opposite to the direction of 
relative motion.  
 
The external forces come from gravity w and y-
air resistance Fy (see Equation 2.8), which are 
applied to the ball in the y-direction.  
 
The inertia force is related to the mass of the ball 
and the acceleration of deflation, which is also 
applied to the ball in the y-direction.  
 
Employing Newtown’s Second Law (Equation 
2.10), the equation of motion for the ball-ground 
contact is given by Equations 2.14 and 2.15. 
 

��̈ = � �� = �� + �� − � + ��   (2.14) 

 
��̈ = ��̇ + �� − �� + ���̇|�̇|           (2.15) 

  
It notes that Ordinary Differential Equation 2.15 
combines the relative motion, damping, and 
stiffness.  
 
The integration of three sub-models established 
in Sections 2.1-2.3 builds a dynamics simulation 
system for capturing kinematics and dynamics 
performance of a soccer ball projectile motion. 
Using a tool of dynamics software [11], it can 

solve problems from impulsive force Equation 2.1 
through projectile motion Equations 2.11-2.13 to 
ball-ground contact Equation 2.15. The animation 
results visualize the projectile trajectory of a 
soccer ball as demonstrated in Fig. 4. The 
numerical results give the time-varying impulsive 
force of the foot-ball, projectile motion 
(displacements, velocities, accelerations), and 
contact forces of the ball-ground. 
 
The solution for these models supports the 
sports analysis of soccer ball. The dynamics 
models can help players to find the kicking force, 
kicking position and kicking angle to achieve an 
expected trajectory. The dynamic simulation can 
be used to the motion and dynamic force 
analysis for training players.  
 

3. VALIDATION OF THE SOCCER BALL 
PROJECTILE MOTION MODEL  

 

The proposed dynamics model of a soccer ball 
projectile motion is validated by comparing the 
results of the motion simulation obtained from 
this research against those from a mathematical 
model reported by Hroncová and Grieš [10]. The 
comparison results of displacement simulation in 
a 2D Cartesian coordinate system o(x, y) 
between two models are shown in Figs. 5 and 6, 
respectively. The details are discussed in the 
following two aspects. 
 

Firstly, a soccer ball projectile motion is 
simulated using the dynamics model created in 
this research. For comparing purpose, the 
parameters, such as initial conditions and 
simulation time are selected as same as those 
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used in a case study reported by Hroncová and 
Grieš [10]. They are: the mass of the ball m=0.43 
kg, initial projectile angle θ0=45

o
, initial 

orientation angle 0=0
o
, initial velocity � 0=46.5 

m/s and air resistance coefficient K=0.00002 
kg/m. Two solid black lines in Figs. 5 and 6 
indicate the simulation results of the soccer ball 
projectile motion along the x-axis and y-axis 
during the time of 7 seconds (s). Fig. 5 describes 
the ball displacement along the x-axis (black 
solid line) and Fig. 6 does the displacement 
along the y-axis (black solid line).   
 
Secondly, Hroncová and Grieš [10] establish a 
mathematical model of a particle moving in x-y 
space within the air resistance environment 

integrating classic mechanics and aerodynamics. 
The motions of the particle projectile in the 
horizontal x-direction and vertical y-direction            
are given as Equations 3.1 and 3.2,        
respectively. 
 

� =
��

��
cos ��(1 − �����)     (3.1) 

 

� =
� + ���� sin ��

��

(1 − �����) −
�

��

� 
    (3.2) 

 

where �0 is the particle initial velocity, θ0 is the 
particle initial projectile angle, �� = �/�� , F is 
the air resistance, m is the particle mass, and � 
is the velocity of the particle. 

 
 

Fig. 5. Comparison of projectile displacements in the x-direction from the simulation and 
calculation results versus time 7 seconds 

 

 
 

Fig. 6. Comparison of projectile displacements in the y-direction from the simulation 
and calculation results versus time 7 seconds 
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In their article, a case study is conducted using 
Equations 3.1 and 3.2 to find a particle 
displacement versus time in a Cartesian 
coordinate system o(x, y). Initial conditions are 
set as: θ0=45o, and ��= 46.5 m/s. The calculation 
results are given as two red dash lines in Figs. 5 
and 6. In Fig. 5, the red dash line represents the 
particle displacement in x-direction within the 
time of 7s; and in Fig. 6, the red dash line 
represents the particle displacement in y-
direction within the time of 7s. 
 

In Figs. 5 and 6, it notes that even though the 
simulation and calculation results are conducted 
using two different models from two different 
teams, the x or y displacement results compare 
favorably with each other. Therefore, there is no 
difference between the simulated x-y 
displacements and calculated x-y displacements. 
No matter what kind of result it is, the x-
displacement almost linearly increases from 0 to 
219 m within the time range of 0-6.7s as shown 
in Fig. 5. The y-displacement shows a parabolic 
shape, which increases from 0 to 55 m within 0 
to 3.4s and then decreases from 55 to 0 m within 
3.4 to 6.7s as shown in Fig. 6. It is important to 
note that the max projectile length is 219 m and 
the max projectile height is 55 m. 
 

This analysis case validates the potential of the 
dynamics model to predict a soccer ball projectile 
motion with air resistance. The analysis results 
identify that the dynamics simulation will give a 
higher confidence in the soccer ball kinematics 
simulation with the consideration of the air 
resistance. The analysis results also illustrate 

that the dynamics model can capture the ball 
projectile motion such as the horizontally 
shooting range (x-displacement) and vertically 
shooting high (y-displacement). Anyway, for the 
3D dynamics model created in this research, it 
can also capture the motion in the z-direction.  
 
In reality, a soccer ball kicked by a player will not 
be expected to shoot at such a great speed of 
46.5 m/s and move so far away from 219 m. The 
moving direction of the ball can be random in 3D 
space instead of 2D space because a player can 
choose to kick at any position and          
orientation around the ball. For addressing these 
issues, a case study is demonstrated in the next 
section.     
 

4.  ONE CASE STUDY OF A SOCCER 
BALL PROJECTILE MOTION 

 
In this case study, using the developed dynamics 
model as shown in Fig. 7, a soccer ball projectile 
motion through the air is simulated in a Cartesian 
coordinate system o(x, y, z), where x-z plane 
attached on the soccer field with x-axis along the 
length direction and z-axis along the width 
direction, as well as y-axis is perpendicular to the 
x-z plane.  
 
The geometric parameters are selected as: a 
virtual soccer field is sized in the length of 120 m 
and width of 90 m. The mass of the ball m=0.43 
kg, its diameter d=0.2286 m, sea level static 
density ρ=1.221 kg/m3, and drag coefficient 
Cd=0.25 [9]. 

 

 

 
Fig. 7. A soccer ball dynamics model 
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(a) Initial velocity v0=5 m/s 
 

 
 

(b) Initial velocity v0=10 m/s 
 

 
 

(c) Initial velocity v0=15 m/s 
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(d) Initial velocity v0=20 m/s 
 

Fig. 8. A soccer ball projectile motion with four initial velocities 
 

 

 
Fig. 9. Numerical results of a soccer ball displacements in x-y-z directions with four initial 

velocities v0= 5, 10, 15 and 20 m/s 
 

The initial conditions are: a soccer ball is                 
initially at rest on the ground and kicked                    

with an impulsive force ��⃗ . The ball is shot               
with an initial velocity ��  at an initial                 
projectile angle θ0=30

o
, and an initial orientation 

angle 0=30
o
. The air resistance is             

homogenous. 

Since the air resistance is homogenous, air 
resistance coefficient K=0.00622 kg/m, which is 
calculated by Equation 2.6. Equations 2.7-2.9 are 
simplified to Equations 4.1-4.3 to calculate the 
component resistance forces Fx, Fy and Fz, which 
are applied to the ball in x-y-z directions, 
respectively. 
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�� = −��̇�                         (4.1) 

�� = ∓��̇�                          (4.2) 

�� = ��̇�                         (4.3) 

 
In Equation 4.2, the sign “∓” depends on the ball 
motion: the negative sign “-” for the ball moving 
up; and the positive sign “+” for the ball moving 
down. 
 
Motion Equations 2.11-2.13 are simplified to 
Equations 4.4-4.6, respectively. 

 
��̈ + ��̇� = 0                           (4.4) 

��̈ ± ��̇� + �� = 0                           (4.5) 

��̈ + ��̇� = 0                           (4.6) 

 
In Equation 4.5, the sign “±” depends on the ball 
motion: the positive sign “+” for the ball moving 
up; and the negative sign “-” for the ball moving 
down. 
 
Kinematics and dynamics simulations are 
conducted with the selected four groups of times. 
The moving trajectories of the ball are visualized 
in a virtual soccer environment. The dynamic 
displacements and forces are measured by 
assigning four initial velocities ��=5, 10, 15, and 
20 m/s, respectively. Some significant kinematics 
and dynamics results are obtained and analyzed. 
 

4.1 Kinematics Simulation and Analysis  
 

Fig. 8a-d exhibits the animation results of the 
soccer ball projectile motion with four initial 
velocities ��=5, 10, 15, and 20 m/s responding to 
four times 0t=0.65, 1.2, 1.7, and 2.5 s, 
respectively. It notes that four trajectories all 
show parabolic shapes. And also, the bigger the 
initial velocity, the higher the ball reaches, and 
the farther the ball shoots. Fig. 9a-c reveals the 

numerical results of the instantaneous position of 
the ball traveling in x-y-z directions with four 
initial velocities �� =5, 10, 15, and 20 m/s 
responding to four times t=0.65, 1.2, 1.7, and 2.5 
s, respectively.  
 
Some information is embedded in Fig. 9a-c, such 
as the max projectile height H and projectile 
range R. Taking the solid line (��=20 m/s) as an 
example, in Fig. 9b, the max height of H=4.75 m 
happens at time 1 s at point y=yH=4.75, 
x=xH=13.58 m (see Fig. 9a), and z=zH=-8.16 m 
(see Fig. 9c). The max projectile range R is 
defined as the distance between the initial point 
(x0, y0, z0) and landing point (xR, yR, zR). When 
the ball lands on the ground x-z plane, yH equals 
to 0 m.  In Fig. 9b, it notes for yH=0, time t=2 s. In 
Fig. 9a, for time t=2 s, the max x-projectile range 
equals the distance between x0=0 and xR=24.93 
m. In Fig. 9c, for time t=2 s, the max z-projectile 
range equals the distance between z0=0 and 
zR=-15.46 m.  The magnitude of the max 
projectile range R can be calculated using 
Equation 4.7. 
 

� = �(�� − ��)� + (�� − ��)�            (4.7) 

 
In the result that this example can be 
summarized as: when a soccer ball is kicked to 
shoot with an initial velocity �� =20 m/s at the 
initial projectile angle θ0=30o, and initial 
orientation angle 0=30o, the max projectile 
height H=4.75 m happens at the point (13.58, 
4.75, -8.16) at time 1 s. And, the max projectile 
range R=29.33 m does at the point (24.93, 0, -
15.46) at time 2 s. 
 
Similarly, the max projectile height H and 
projectile range R for the initial velocities ��=5, 
10, and 15 m/s can be obtained in Fig. 9a-c. The 
entire information is listed in Table 1, where 
some significant kinematics results can be 
obtained. 

 
Table 1. Max projectile height H and projectile range R for initial velocities ��=5, 10, 15 and 20 

m/s 
 
Initial 
velocity 

Max projectile height Max projectile range 

1 2 3 4 5 6 7 
v0  

(m/s) 
H 
(m) 

@ time 
(s) 

@ point  (xH, yH, zH)  
(m) 

R  
(m) 

@ time 
(s) 

@ point   
(xR, yR, zR) (m) 

5 0.32 0.26 (0.97,0.32,-0.56) 2.14 0.5 (1.85,0,-1.07) 
10 1.25 0.50 (3.65,1.25,-2.13) 8.27 1.0 (7.12,0,-4.20) 
15 2.76 0.74 (7.86,2.76,-4.65) 17.64 1.5 (15.1,0,-9.12) 
20 4.75 1.00 (13.58,4.75,-8.16) 29.33 2.0 (24.93,0,-15.46) 



Result 1: it can find how the max projectile 
height H or the max projectile range R 
with an initial velocity �� . Using the data in 
columns 1 and 2, the relationship between the 
max projectile height H and initial velocity
generated in Fig. 10. It notes that H non
increases with the increase of ��. Also, using the 
data in columns 1 and 5, the relationship 
between the max projectile range R and 
velocity ��  is generated in Fig. 11. Similarly, R 
increases with the increase of ��

Therefore, if the initial projectile angle 
orientation angle keep two independent 
constants when launching a ball with a series of 
the initial velocities, the max projectile height H
or the max projectile range R non
increases with the increase of initial velocity
 

Fig. 10. The relationship between the 

Fig. 11. The relationship between the 
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max projectile 
max projectile range R changes 

Using the data in 
columns 1 and 2, the relationship between the 

initial velocity ��  is 
10. It notes that H non-linearly 

Also, using the 
1 and 5, the relationship 

max projectile range R and initial 
11. Similarly, R 

�  non-linearly. 
Therefore, if the initial projectile angle and initial 
orientation angle keep two independent 
constants when launching a ball with a series of 

max projectile height H 
max projectile range R non-linearly 

initial velocity. 

Result 2: it can see how the ball landing
distribute in the x-z ground plane for the initial 
velocities ��=5, 10, 15, and 20 m/s. Using the 
data in columns 5 and 7, the four landing points 
are plotted in the 3D x-y-z space as shown in Fig
12. It notes that the four points locate on the 
ground plane (where y=0). Furthermore, 
and zR data in column 7, the relationship x
plotted in Fig. 13. The result indicates that four 
points are distributed in a straight line 
initial projectile velocities �� =5, 10, 15, and 20 
m/s when the initial projectile angle θ
initial orientation angle 0=30

o
. Therefore, if the 

initial projectile angle and initial orientation angle 
keep two independent constants when launching 
a ball with a series of initial velocities, the landing 
points show a straight line distribution. 

 
10. The relationship between the max projectile height H and initial velocity

 

 
Fig. 11. The relationship between the max projectile range R and initial velocity
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it can see how the ball landing points 
z ground plane for the initial 

=5, 10, 15, and 20 m/s. Using the 
data in columns 5 and 7, the four landing points 

z space as shown in Fig. 
the four points locate on the x-z 

ground plane (where y=0). Furthermore, using xR 
data in column 7, the relationship x-z is 

13. The result indicates that four 
points are distributed in a straight line for the four 

=5, 10, 15, and 20 
initial projectile angle θ0=30

o
, and 

. Therefore, if the 
initial projectile angle and initial orientation angle 
keep two independent constants when launching 
a ball with a series of initial velocities, the landing 
points show a straight line distribution.  

 

initial velocity v0 

 

initial velocity v0 



Fig. 12. The distribution of the landing

Fig. 13. The relationship of max z
projectile velocities

Fig. 14. The distribution of the max projectile height 
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landing points for four initial projectile velocities 
and 20 m/s 

 

 

Fig. 13. The relationship of max z-projectile range and the max x-projectile range 
projectile velocities v0= 5, 10, 15 and 20 m/s 

 

 

 

max projectile height  points for four initial projectile velocities
v0= 5, 10, 15 and 20 m/s 
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 v0= 5, 10, 15 

 

 for four initial 

 

for four initial projectile velocities 



Fig. 15. The relationship of max projectile height H
projectile velocities

 
Result 3: it can find how the max projectile 
height H changes with its corresponding 
projectile range RH for the four initial velocities 
�� =5, 10, 15 and 20 m/s. Using the data in 
columns 2 and 4, the four points of the 
projectile height H are plotted in the coordinate x
y-z as shown in Fig. 14. The projectile range 
is located on the x-z plane and defined as the 
distance between the initial point (x
point (xH, zH) as expressed in Equation 4.8.
 

�� = �(�� − ��)� + (�� − ��)� 
 
Substituting xH and zH data (see column 4) to 
Equation 4.7, and then it can get R
relationship H-RH is plotted in Fig
that the H rises with the rising RH linearly for
initial projectile velocities �� =5, 10, 15, and 20 
m/s when the initial projectile angle θ
initial orientation angle 0=30o. Thus, if the initial 
projectile angle and initial orientation angle 
individually keep two constants, when 
launching a ball with a series of initial velocities, 
the max height points form a straight line 
distribution. 
 

4.2 Dynamics Simulation and Analysis 
 
In this case study, some interesting dynamics 
results can be generated from the simulation and 
animation of the soccer ball air dynamics, as well 
as integrating the principle of linear impulse and 
momentum in the dynamics simulation. The 
details are discussed in the following two 
segments. 
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max projectile height H with its projectile range RH for four initial 

projectile velocities v0= 5, 10, 15 and 20 m/s 

max projectile 
changes with its corresponding 

initial velocities 
and 20 m/s. Using the data in 

columns 2 and 4, the four points of the max 
are plotted in the coordinate x-

14. The projectile range RH 
z plane and defined as the 

distance between the initial point (x0, z0) and 
expressed in Equation 4.8. 

)              (4.8) 

data (see column 4) to 
Equation 4.7, and then it can get RH. The 

is plotted in Fig. 15. It notes 
linearly for four 

=5, 10, 15, and 20 
initial projectile angle θ0=30o, and 

. Thus, if the initial 
projectile angle and initial orientation angle 
individually keep two constants, when                   

series of initial velocities, 
the max height points form a straight line 

Analysis  

In this case study, some interesting dynamics 
results can be generated from the simulation and 

ynamics, as well 
as integrating the principle of linear impulse and 
momentum in the dynamics simulation. The 
details are discussed in the following two 

4.2.1 Soccer ball impulsive force 
 
Continuing the above case study, by integrating 
the principle of linear impulse and momentum in 
the dynamics simulation, it can determine how 
big is the impulsive force applied on the ball for 
the four initial velocities v0=5, 10, 15, and 20 m/s. 
The ball is initially at rest on the ground and is 
kicked. Fig. 16 shows a diagram of this initial 
configuration. When the ball leaves the player’s 
foot, the ball travels with initial shooting velocities 
v0 at initial projectile angle θ0=30
orientation angle 0=30o. If the foot and ball are 
in contact with t=0.012 s, the magnitude, and 
direction of the average impulsive force P can be 
calculated using the principle of linear impulse 
and momentum as given in Equation 2.1a in 
Section 2. 
 
Thus, the linear impulse on the ball is equal to 
the change linear momentum. Substituting 
(��⃗)�=0 and (��⃗)�=m�⃗� to Equation 2.1a yields 
Equation 4.8 for calculating force P. 
 

��⃗ =
��⃗�

∆�
                           

 
Equation 4.8 builds a linear relationship between 
the impulsive force P and the initial velocity
Furthermore, the variation of P with 
in Fig. 17. It notes that the force P linearly 
increases with the increase of the initial velocity 
v0. When m=0.43 kg, the magnitude of the 
average impulsive forces P=107.5, 215.0, 322.5 
and 430 N for the four initial velocities v
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for four initial 

ball impulsive force  

Continuing the above case study, by integrating 
principle of linear impulse and momentum in 

the dynamics simulation, it can determine how 
big is the impulsive force applied on the ball for 

=5, 10, 15, and 20 m/s. 
The ball is initially at rest on the ground and is 

16 shows a diagram of this initial 
configuration. When the ball leaves the player’s 
foot, the ball travels with initial shooting velocities 

=30o, and initial 
. If the foot and ball are 

t=0.012 s, the magnitude, and 
direction of the average impulsive force P can be 
calculated using the principle of linear impulse 
and momentum as given in Equation 2.1a in 

Thus, the linear impulse on the ball is equal to 
the change linear momentum. Substituting 

to Equation 2.1a yields 
Equation 4.8 for calculating force P.  

                          (4.9) 

Equation 4.8 builds a linear relationship between 
the initial velocity v0. 

Furthermore, the variation of P with v0 is plotted 
17. It notes that the force P linearly 

increases with the increase of the initial velocity 
magnitude of the 

average impulsive forces P=107.5, 215.0, 322.5 
for the four initial velocities v0=5, 10, 
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15 and 20 m/s, respectively, at the initial 
projectile angle θ0=30o, and initial orientation 
angle 0=30o. 
 

 
 

Fig. 16. Initial configuration for the soccer 
ball projectile motion 

 

4.2.2 Soccer ball air resistance 
 
Fig. 18a-d demonstrates the 3D air resistance-
directed graphics of the soccer ball projectile 
motion with four initial velocities v0=5, 10, 15 and 
20 m/s responding to the times t=0.7, 1.2, 1.7 
and 2.5 s, respectively. The numerical resistance 
distributions, which are embedded in the 
visualized trajectories, are shown up. The x-y-z 
components are labeled in the dynamic local 
coordinate systems, which are attached to trace 
position points and changes with the time.  
 
Fig. 19a-c plots the air resistance applied on the 
ball traveling in x-y-z directions with four initial 
velocities v0=5, 10, 15 and 20 m/s responding to 
the times 0.65, 1.2, 1.7 and 2.5 s, respectively. It 
reveals the distribution of air resistance versus 
the initial velocity or time. 

 
 

Fig. 17. The variation of the impulsive force P with four initial velocities v0=5, 10, 15 and 20 m/s 
 

 
 

(a) Initial velocity v0=5 m/s 
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(b) Initial velocity v0=10 m/s 
 

 
 

(c) Initial velocity v0=15 m/s 
 

 
 

(d) Initial velocity v0=20 m/s 
 

Fig. 18. 3D air resistance-directed graphics of the soccer ball projectile motion with four initial 
velocities 
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Fig. 19.  Air resistance applied on the soccer ball in x-y-z directions with four initial velocities 

v0= 5, 10, 15 and 20 m/s 
 
Taking a look at the air resistance along the x-
direction as shown in Fig. 19a, for a given time, 
the resistance magnitude |Fx| increases with the 
increase of the initial velocity; and for a given 
trajectory, the air resistance magnitude 
decreases with the increase of the time. The 
interpretation of this variation is that, as the ball 
moves through the air, the air resists the motion 
of the ball so that the velocity of the ball slows 
down. Checking Equation 2.7 (Fx=-K��

�) the air 
resistance Fx is proportional to the squared 
velocity of the ball��

�. Therefore, the resistance 
magnitude decreases with decreasing velocity.  
 
Fig. 19b shows the four curves of the air 
resistance-time history along the y-direction. For 
a given trajectory, the air resistance increases 
from the lowest value to zero and then 
increases to the highest value. The 
interpretation of this variation is that, as the ball 
moves through the air in the y-direction, the 
forces applied on the ball involve gravity and air 
resistance. Before the ball reaches the max 
projectile height, the gravity and resistance 
resist the motion of the ball so that the velocity 
of the ball slows down. Just as mentioned in the 

above paragraph, the air resistance is 
proportional to the squared velocity of the ball. 
Thus, the resistance magnitude decreases with 
the decreasing velocity until the velocity equals 
zero. Then, the ball reverses direction and goes 
down with a velocity, which is increased with 
time. The resistance still keeps on resisting the 
motion of the ball and its magnitude increases 
with increasing velocity. 
 
Moving to Fig. 19c, the curves of air resistance-
time along the z-direction have similar trends as 
along the x-direction. For a given time, the 
resistance increases with increasing initial 
velocity; and for a given trajectory, the air 
resistance decreases with increasing time. The 
interpretation of this variation is also similar to 
Fig. 19a, as the ball moves through the air, the 
air resists the motion of the ball so that the 
velocity of the ball slows down. Since the air 
resistance is proportional to the squared velocity 
of the ball. Hence, the resistance decreases 
with decreasing velocity.  
 
This case study focuses on the kinematics and 
dynamics simulation of a soccer ball projectile 
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motion. Some interesting items are discussed, 
such as the global influence of initial velocity on 
the max projectile height and range over a time 
interval, as well as the global effect of an air 
resistance force on a ball over a time interval. 
The impulsive force applied on the soccer ball is 
addressed for producing an expected initial 
velocity. 
 

5. DISCUSSION  
 
Comparing to many published works (see 
literature review in Introduction), the main 
contribution of this study can be summarized to 
the following points. 
 

1. A spatial kinematics and dynamics model 
of a soccer ball is developed. The model 
allows randomly applying a kick force or 
initial velocity on the ball in 3D space. At 
this point, similar work has published by 
Zhu et al. [16]. They have designed a 
training system to simulate the free kick of 
a soccer ball. The trajectory can be 
predicted for the given initial parameters. 
However, the work has focused on the 
kinematics simulation rather than the 
dynamics simulation. Therefore, the 
dynamic contact force of ball-ground  
doesn’t include in their model. 

2. In addition to the air resistance, the 
equation of the contact force between the 
ball and ground is integrated into the 
model. The most researches have paid 
attention to modeling the air resistance on 
the ball model without the contact force 
item. 

3. The model is validated by the comparison 
of this simulation result and a theoretical 
calculation result [8]. The most theoretical 
studies do not include model validation. 
Actually, it is very important to verify if the 
model is reliable to provide the exact 
simulation results.  

4. The instantaneous force applied to the 
ball is visualized and plotted with the 
simulating time, which is useful to analyze 
the dynamic performance. There are a lot 
of studies about flight trajectories. But, it is 
hard to find the distribution of dynamic 
forces.      

5. Using an example to introduce the model 
application as well as kinematics and 
dynamics analysis. The purpose of this 
study is the sports analysis. Therefore, the 
detailed result analysis and discussion are 
emphasized. The most previous studies 

have focused on the development of a 
simulation system, but have not 
performed a detailed analysis and 
discussion of the simulation results.   

      

6. CONCLUSIONS 
 
A spatial dynamic model of a soccer ball has 
been proposed to perform the kinematics and 
dynamics simulation for efficient sports analysis. 
The general model is composed of the three 
sub-models: (1) impulsive force model, (2) 
projectile motion model, and (3) ball-ground 
contact model. Sub-model 1 has been built to 
calculate the kick force and initial velocity 
employing the principle of linear impulse and 
momentum. Sub-model 2 has been established 
to generate the ball motion and air resistance 
applied on the ball using Newton’s section law 
and aerodynamics. Sub-model 3 has been 
created as a mass-spring-dashpot system to 
compute the contact force between the ball and 
ground. 
 
The simulation has focused on the animation 
outputs to visualize the soccer ball projectile 
motion trajectory with instantaneous air 
resistance information; and numerical outputs to 
present the time-varying impulsive force of the 
foot-ball, projectile motion (displacements, 
velocities, accelerations), and contact forces of 
the ball-ground. The model validation is 
conducted by the comparison of this simulation 
result and a theoretical calculation result [8]. A 
good agreement has been obtained between 
the two models. 
 
An example is given to indicate the kinematics 
and dynamics simulation of a soccer ball 
projectile motion in a virtual environment. In 
kinematics simulation & analysis, the influences 
of initial velocity on the time-related projectile 
height and range have been analyzed and 
discussed. In dynamics simulation & analysis, 
the effects of air resistance force on a traveling 
ball over a time interval have been investigated 
and studied. The impulsive force applied on the 
soccer ball has been discovered for producing 
an expected initial velocity. Bringing the above 
work together forms a complete procedure for 
the case study to illustrate the application of 
dynamic simulation on soccer ball projectile 
motion analysis. 
 

This research is significant to model, simulate, 
and analyze the soccer ball motion for 
optimizing trajectory and accurate position. 
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Three aspects require to be improved through 
further investigation. They are: (1) model 
improvement, such as extending the current 
equations of motion by adding some factors of 
soccer ball flying spin, Magnus effect, and 
gyroscopic moment; (2) validation extension, 
such as taking experimental means to obtain 
testing data, and then compare experimental 
results with the simulated results; and (3) case-
study diversification, such as performing the 
case studies with unsteady-state airflow for 
further illustrate the kinematics and dynamics 
simulation. 
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