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New soccer shoes have been developed by considering various concepts related to kicking, such as curving a
soccer ball. However, the effects of shoes on ball behaviour remain unclear. In this study, by using a finite
element simulation, we investigated the factors that affect ball behaviour immediately after impact in a curve
kick. Five experienced male university soccer players performed one curve kick. We developed a finite
element model of the foot and ball and evaluated the validity of the model by comparing the finite element
results for the ball behaviour immediately after impact with the experimental results. The launch angle, ball
velocity, and ball rotation in the finite element analysis were all in general agreement with the experimental
results. Using the validated finite element model, we simulated the ball behaviour. The simulation results
indicated that the larger the foot velocity immediately before impact, the larger the ball velocity and ball
rotation. Furthermore, the Young’s modulus of the shoe upper and the coefficient of friction between the
shoe upper and the ball had little effect on the launch angle, ball velocity, and ball rotation. The results of this
study suggest that the shoe upper does not significantly influence ball behaviour.

S
occer is the most popular sport in the world. Soccer shoes are essential for playing soccer. New shoes have
been developed by considering various concepts related to kicking, such as curving a soccer ball by applying
high spin, kicking a knuckle ball with low spin, and kicking a fast (strong) ball. If a player scores a goal

through a free kick, the shoes worn by this player may be featured in the media and capture the limelight.
However, there is very little pertinent data to verify whether shoes are the basis of the intended effect; the effects
of shoes on ball behaviour remain unclear.

A curve kick is a technique that is frequently used in soccer matches for shots on goal, free kicks, corner kicks,
and so on. Goals by curve kicks are commonly scored from free kicks in Fédération Internationale de Football
Association (FIFA) world cups, and therefore, the kicking technique is considered one of the important elements
that can decide the outcomes of matches.

In a soccer kick, the impact phase is important because mechanical phenomena during impact determine the
ball behaviour. However, because of the problem of repeatability in measurements, experiments using human
subjects1 to evaluate the factors that affect ball behaviour at impact with high accuracy have limitations. From
empirical measurements and numerical calculations using theoretical equations based on simple modelling, the
relationship between the impact and ball behaviour and the factors that affect the ball behaviour have been
previously reported for instep2,3 as well as side-foot kicks4. However, it is difficult to apply such methods to the
curve kick technique to analyse the relationship between the impact and the ball behaviour for several reasons, the
most important ones include diverse foot postures immediately before impact in curve kicks and a wide range of
impact points that vary from the dorsal aspect to the medial aspect of the kicking foot; in other words, the impact
patterns are diverse. To evaluate the relationship between the impact and the ball behaviour in curve kicks, the
shape of the ball-contact area on the foot must be considered.

Finite element analysis is an effective approach for solving this problem. Asai et al.5–7 used finite element
analysis to investigate the phenomena occurring during impact and the subsequent ball behaviour of a curve kick.
Price et al.8–11 and Rezaei et al.12 developed a finite element ball model to simulate bounce behaviour. However, no
studies have been conducted on assessing the validity of the finite element model by comparing the finite element
results with the experimental values to simulate the ball behaviour in three dimensions, including launch angle,
ball velocity, and ball rotation. A three-dimensional (3D) simulation of ball behaviour would help improve not
only player skills but also future product development of soccer shoes and soccer balls, both of which would be
very useful.
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Effective models are simple and can solve the research problem.
For finite element analysis, it is important that a model can solve the
problem without being overly complex, such as the foot model
developed by Dai et al.13 to assess the effect of socks on walking.
The shape of the ball-contact area on the foot must be considered
when developing a finite element foot model to evaluate the relation-
ship between the impact and the ball behaviour in curve kicks; how-
ever, there is no need to consider in detail the inner structures such as
bone shape and ligaments, which helps to simplify the model to some
degree.

This study developed a simplified finite element model of the foot
and ball to simulate the 3D ball behaviour (launch angle of ball, ball
velocity, and ball rotation) caused by the impact of a curve kick and
evaluated the validity of the model by comparing the results of the
finite element analysis with the empirical results. This study aimed to
investigate the factors that affect the ball behaviour in curve kicks by
using a validated finite element model and by simulating the ball
behaviour for curve kicks by varying the foot velocity immediately
before impact, the Young’s modulus of the shoe upper, and the
coefficient of friction between the shoe upper and the ball.

Results
Finite element model validation. Five experienced male university
soccer players performed one curve kick. The kicking motions were
captured in three-dimensions by two high-speed cameras at 2,500
fps. A finite-element foot model was developed using the barefoot
and shoe shape data (Figure 1a). The barefoot, joint, shoe upper,
and shoe outsole were assigned linear elastic material properties
(Table 1). A finite-element soccer ball model consisted of compo-
site shell elements to form the outer panels and the internal latex
bladder layers (Figure 1b). A hyperelastic material model was
developed for each layer (Table 1). The foot model was placed in
the foot posture immediately before impact in the experiment
(Figure 2, Table 2). Finite-element impact analysis was performed
for each subject.

Figure 3a shows the state of contact between the foot and the ball in
the finite element analysis for Subject A as a typical example. The
impact time for the finite element analysis of the trials for all subjects
ranged from 10.0 to 12.0 ms, which was consistent with the impact
time of 9.6–12.0 ms measured using the high-speed camera footage.
Figure 3c shows the trajectory of the foot and the ball during impact
in the experiment and the finite element analysis for Subject A as a
typical example. The coordinate system corresponds to the global
coordinate system shown in Figure 2. Each dot in the figure repre-
sents the position of each point immediately before impact, and the

centre of the ball immediately before impact is positioned at the
origin. The trajectory during impact is not among the items to evalu-
ate the validity of the model, but the trajectory of each point of the
foot and centre of the ball in the finite element analysis was in good
qualitative agreement with the trajectory in the experiment. The
points on the foot and the centre of the ball did not exhibit any
substantial changes throughout the impact in terms of the accuracy
of the trajectory in the finite element analysis. The trajectory in the
finite element analysis was also in good agreement with that observed
in the experiment for other subjects.

Table 3 shows the results of the launch angle of the ball, ball
velocity, and ball rotation immediately after impact in both the
experiment and the finite element analysis. The launch angle is the
angle in the left/right and up/down directions to the vector of the foot
(centre of mass: COM) velocity immediately before impact (Y dir-
ection). The X, Y, and Z components of the ball velocity and ball
rotation correspond to the global coordinate system shown in
Figure 2. The Y component tended to be relatively less accurate for
the ball velocity immediately after impact in the finite element ana-
lysis. Rotation about the Y axis was also relatively less accurate for the
ball rotation. However, the launch angle of the ball, ball velocity, and
ball rotation immediately after impact in the finite element analysis
were all in general agreement with the experimental results, with the
differences from the experimental results varying from 20.9u to 1.0u,
20.8 to 0.6 m/s, and 21.0 to 0.9 rps, respectively.

Ball behaviour simulation. Figure 4 and Supplementary Figure S1
show the results of simulated ball behaviour (launch angle, ball
velocity, and ball rotation) for the curve kicks of the five subjects
by varying the foot velocity immediately before impact, the Young’s
modulus of the shoe upper, and the coefficient of friction between the
shoe upper and the ball. When we simulated the ball behaviour by
varying the foot velocity immediately before impact in increments of
1.0 m/s in the range of the actual experimental value 62.0 m/s for
each subject, the foot velocity immediately before impact had little
effect on the launch angle of the ball. However, for all subjects, the
larger the foot velocity immediately before impact, the larger the ball
velocity, and this effect was large. Furthermore, the larger the foot
velocity immediately before impact, the larger the ball rotation for
four of the five subjects. Only for Subject E, the ball rotation hardly
changed when the foot velocity immediately before impact was
varied.

Using a Young’s modulus of 10 MPa (equivalent to leather) for the
shoe upper in the validated finite element model as the base, we
simulated the ball behaviour by varying the Young’s modulus of
the shoe upper between 5 MPa (equivalent to soft polyurethane)

Figure 1 | Finite element models. (a) A coupled barefoot-shoe model was developed using barefoot and shoe shape data. The tarso-metatarsal and

transverse tarsal joints were simulated to model the flexibility of the joint structures. The barefoot, joint, shoe upper, and shoe outsole were assigned linear

elastic material properties. (b) The soccer ball model consisted of composite shell elements to form the outer panels and the internal latex bladder layers. A

hyperelastic material model was developed for each layer.
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and 50 MPa (equivalent to rigid polyurethane) in five increments (5,
10, 20, 30, and 50 MPa). Based on the results, the Young’s modulus of
the shoe upper had little effect on the launch angle, ball velocity, and
ball rotation for all subjects.

Using a coefficient of friction of 0.4 in the validated finite element
model as the base, we simulated the ball behaviour by varying the
coefficient from 0.2 to 0.6 in increments of 0.1. According to the
results, for four of the five subjects, the coefficient of friction had
little effect on the launch angle, ball velocity, and ball rotation. For
Subject D, although the coefficient of friction had little effect on the
launch angle, ball velocity, and ball rotation in the range of 0.3 to 0.6
(similar to other subjects), when the coefficient of friction was 0.2, the
ball velocity and ball rotation decreased with the changes in the
launch angle.

Furthermore, Figure 5 shows the simulation results of the ball
velocity and ball rotation by varying the coefficient of friction
between the shoe upper and the ball when the foot velocity imme-
diately before impact was larger or smaller (25.0 m/s and 5.0 m/s,
respectively) than each subject’s actual experimental value. For all
subjects, when the foot velocity immediately before impact was larger
(25.0 m/s) than the actual experimental value, the effects of the coef-
ficient of friction on ball velocity and ball rotation were similar to its
effects when the foot velocity immediately before impact was equal to
the actual experimental value (Figures 4e and 4f). In other words, the
coefficient of friction had very little effect, except for Subject D when
the coefficient of friction was 0.2. On the other hand, when the foot
velocity immediately before impact was smaller (5.0 m/s) than the
actual experimental value, for Subject D, the ball velocity decreased
when the coefficient of friction was between 0.2 and 0.3. Addi-
tionally, for Subjects A, B, and D, when the foot velocity immediately
before impact was smaller (5.0 m/s) than the actual experimental
value, the ball rotation tended to decrease when the coefficient of
friction decreased. However, for Subjects C and E, the ball rotation
hardly changed, even when the coefficient of friction was changed.

Discussion
The animation of the finite element analysis showed the contact area
of the foot press into the ball, deforming the ball at the contact area
with the foot. This was similar to the footage from the experiment.
The launch of the ball in the left and upward direction to the vector of
the foot velocity immediately before impact (Y direction) and the
generation of ball rotation were also observed.

The trajectory during impact in the finite element analysis was in
good agreement qualitatively with that observed in the experiment.
Nonetheless, this study assumed the joint reaction force and joint
moment loaded on the ankle joint to match the trajectory of the heel,
lateral malleolus, and three nodes on the lateral side of the foot in the
finite element analysis with the trajectory of the markers in the
experiment. As a result, the trajectory during impact is not consid-

ered for evaluating the validity of the model. This study also used a
general shape rather than a specific shape of the subjects for the foot
shape in the finite element model. Therefore, the positions of the
output nodes on the foot model in the finite element analysis did not
perfectly match the marker positions on the subjects in the
experiment.

The launch angle, velocity, and rotation of the ball immediately
after impact in the finite element analysis were in general agreement
with the experimental results. The differences in the results, includ-
ing the relatively less accurate Y component of the ball velocity and
its rotation about the Y axis in the finite element analysis, were due to
the simplified inner structure of the finite element foot model, use of
constant values for joint reaction force and joint moment loaded on
the ankle joint, use of a general shape for the foot shape, and possible
errors in the experimental measurements.

The finite element foot model developed in this study is more
complex than that used by Asai et al.5 who investigated the phenom-
ena occurring during impact and the subsequent ball behaviour for a
curve kick, but it is simpler than those used by Chen et al.14 and
Garcı́a-González et al.15 who investigated the plantar pressure distri-
bution and stress distribution on the bones during contact with the
ground; the current finite element foot model did not consider in
detail the inner structure of the foot such as bone shape and liga-
ments. The finite element ball model is also simpler than the ball
model used by Price et al.8–11 who investigated ball deformation
behaviour and stress distribution during a collision against a rigid
surface, and did not consider other factors such as the stitching seam
between the panels. In the present study, both the foot and the ball
models were simplified, but the ball behaviour (launch angle, ball
velocity, and ball rotation) in the finite element analysis accurately
represented the 3D properties in the experiment. While the subjects
showed diverse impact patterns, as shown in Figure 2b and Table 2,
the ball behaviour for all subjects in the finite element analysis were
simulated well in three dimensions, suggesting that the approach in
this study is suitable for diverse impact patterns. The finite element
model was deemed valid for simulating the relationship between the
impact and the ball behaviour for a curve kick.

The results of simulating the ball behaviour caused by the impact
for a curve kick indicate that in all subjects, the larger the foot velocity
immediately before impact, the larger the ball velocity. This is similar
to the results of previous studies that examined the factors that affect
ball velocity for instep kicks3 and side-foot kicks4 based on numerical
calculations using theoretical equations. The larger ball velocity
when the foot velocity immediately before impact is large is attrib-
utable to the large impact force from the foot that hits the ball.
Furthermore, for four of the five subjects, the ball rotation increased
along with the ball velocity when the foot velocity immediately before
impact was large. From this, it can be inferred that when the foot
velocity immediately before impact is large, both the normal and the

Table 1 | Material properties of the finite element models

Model part
Young’s modulus

Poisson’s ratio
Mass density

Source

(MPa) (kg/m3)

Barefoot (Bone) 7300 0.30 812 (Dai et al.13; Ae et al.16; Measurement) a

Joint (Cartilage) 10 0.40 2000 (Dai et al.13)
Shoe upper (Leather) 10 0.40 998 (Tuckermann et al.17; Lewis18; Covill et al.19)b
Shoe outsole (Polyurethane) 25 0.42 1100 (Lewis18; Covill et al.19)c
Outer panel Hyperelastic 0.50 938 (Price et al.8,9; Measurement) d

Bladder Hyperelastic 0.50 1408 (Price et al.8,9; Measurement) d

aYoung’s modulus and Poisson’s ratio were obtained from Dai et al.13. Mass density was calculated from the mass derived based on Ae et al.16 and a volume measurement.
bYoung’s modulus was obtained from Tuckermann et al.17. Poisson’s ratio was obtained from Lewis18. Mass density was obtained from Covill et al.19.
cYoung’s modulus and Poisson’s ratio were obtained from Lewis18. Mass density was obtained from Covill et al.19.
dHyperelastic reduced polynomial strain energy potential equation was fitted against uniaxial tensile test data taken from Price et al.8. Poisson’s ratio was obtained from Price et al.9. Mass density was
calculated from the mass and thickness measurements.
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tangential component of the impact force from the foot increase.
Only for Subject E, the ball rotation hardly changed, even when
the foot velocity immediately before impact changed. In the impact
for Subject E, because the angle of attack—the angle between the foot
velocity vector immediately before impact (Y direction) and the nor-
mal vector to the contact surface of the foot immediately before

impact—is small (Figure 2b), the change in the tangential force is
smaller even if the foot velocity immediately before impact changes.
As a result, it can be inferred that the change in the ball rotation was
also small.

Even when the Young’s modulus of the shoe upper was varied
from 5 MPa (equivalent to soft polyurethane) to 50 MPa (equivalent

Figure 2 | Placement of finite element models. (a) A foot model was placed in the foot posture immediately before impact in the experiment.

Rotational angles and translational displacements of the foot model for each process are shown in Table 2. Origin of the global coordinate system is located

at the centre of the ball immediately before impact. (b) Foot postures immediately before impact viewed from Z and –Y directions for all of the subjects.

Impact patterns by the subjects were diverse. As the initial condition, the foot COM velocity immediately before impact in the experiment was applied in

the Y direction to the foot model.
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to rigid polyurethane), it had little effect on the launch angle, ball
velocity, and ball rotation for all subjects. The shoe upper is just a few
millimetres thick and the foot (bone) inside the shoes is much harder
than the shoe upper at the impact area. Thus, even when the Young’s
modulus (hardness) of the shoe upper is varied, its effect on the
impact force from the foot is small; as a result, it is presumed to have
little effect on the ball behaviour.

Even when the coefficient of friction between the shoe upper and
the ball was varied between 0.2 and 0.6, it had little effect on the
launch angle, ball velocity, and ball rotation for four of the five sub-
jects. Although these results are similar to those of Asai et al.5, who
used a simpler finite element model, the effect on the ball rotation in

this study was smaller. In all cases with a coefficient of friction
between 0.2 and 0.6, it is assumed that the ball did not slide on the
foot surface, and the contact surface of the ball that touched the foot
moved with foot tangential velocity in the tangential direction (i.e.,
the ball rolled). Thus, even when the coefficient of friction was varied,
the ball behaviour, including ball rotation, did not change. This
suggested that the tangential force did not reach the maximum static
friction force for all cases with a coefficient of friction from 0.2 to 0.6
for these four subjects. When the coefficient of friction was 0.2, the
ball velocity and ball rotation decreased only for Subject D. In the
impact of Subject D, because the angle of attack was large (Figure 2b),
the tangential velocity of the foot (and the tangential force) was large;
with a small coefficient of friction such as 0.2, it is assumed that the
tangential force reaches the maximum static friction force and the
ball slides on the foot surface. It is considered that the ball velocity
and ball rotation decreased for this reason. The sliding of the ball on
the foot surface was also observed in the animation of the finite
element analysis for Subject D when the coefficient of friction was
0.2.

For all subjects, when the foot velocity immediately before impact
was equal to the actual experimental value and when it was larger
than the actual experimental value, i.e., 25 m/s, there was hardly any
change in the ball velocity and ball rotation, even when the coefficient
of friction changed between the shoe upper and the ball. This sug-

Table 2 | Rotational angles and translational displacements in the
placement of the finite element foot model

Subject ID
Rotation (u) Translation (mm)

X Y Z X Y Z

A 225.8 21.3 45.0 38.7 2142.6 222.2
B 223.0 9.0 40.7 52.2 2149.7 214.5
C 224.1 2.6 54.5 19.8 2163.8 257.9
D 233.6 11.2 55.9 42.3 2178.3 7.3
E 210.7 22.3 20.8 25.6 2156.6 214.8

Figure 3 | Impact of curve kicks in a finite element analysis for Subject A. (a) Contact of the foot with the ball and (b) deformation shape of the

ball. Contact area of the foot pressed into the ball, deforming the ball at the area in contact with the foot. (c) Trajectory of the foot and the ball during

impact in the experiment and finite element analysis. Coordinate system corresponds to the global coordinate system shown in Figure 2. Each dot

represents the position of each point immediately before impact, and the centre of the ball immediately before impact is positioned at the origin.
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gested that the coefficient of friction did not affect the ball velocity
and ball rotation for free kicks and strong shots. On the other hand,
when the foot velocity immediately before impact was smaller than
the actual experimental value, i.e., 5 m/s, for Subjects A, B, and D, the
ball rotation tended to decrease when the coefficient of friction
decreased. This suggested that the coefficient of friction may affect
the ball rotation that occurs during dribbling and trapping. However,
the ball velocity decreased when the coefficient of friction was 0.2 to
0.3 for Subject D alone, whereas minimal changes were observed for
Subjects A and B. Because the tangential force is smaller than the
normal force, the change in the magnitude of the impact force (res-
ultant force of the normal and tangential forces) is small even when
only the tangential force changes. Therefore, it is assumed that it is
more difficult to observe changes in the ball velocity than in the ball
rotation. For Subjects C and E, the ball rotation was initially lower

than 3.0 rps when the foot velocity immediately before impact was
5 m/s, which was smaller than the actual experimental value. It is
presumed that because the change in tangential force was small even
when the coefficient of friction changed, the change in ball rotation
was also small. When the foot velocity immediately before impact
was small, the ball rotation tended to decrease when the coefficient of
friction decreased. However, this tendency was not observed when
the foot velocity immediately before impact was large. It is presumed
that because a large deformation of the ball occurs during the impact
in this case, the foot presses into the ball, which enters a contact state
in which it is difficult to slide even if the coefficient of friction is small.

One major limitation of the model developed in this study is that
the inner structure of the foot was simplified. As a result, this model
cannot be used in studies that attempt to investigate the stress dis-
tribution on the barefoot region during impact. For the same reason,

Table 3 | Comparison of the experimental and finite element results for ball behaviour immediately after impact

Subject ID
Launch angle (u) Ball velocity (m/s) Ball rotation (rps)

Left/Right Up/Down X Y Z Magnitude X Y Z Magnitude

A Experiment 23.6 10.9 29.5 21.8 4.6 24.3 0.9 22.3 6.4 6.9
FE analysis 24.6 10.8 29.7 21.1 4.4 23.6 0.3 23.3 6.8 7.6

B Experiment 24.3 7.5 29.3 20.6 3.0 22.8 21.3 23.4 7.8 8.6
FE analysis 25.2 6.6 29.5 20.1 2.6 22.4 21.0 24.2 7.1 8.4

C Experiment 17.4 29.0 25.2 16.5 9.6 19.8 6.0 21.6 5.4 8.2
FE analysis 17.3 29.3 25.3 16.9 10.0 20.3 5.4 22.4 5.1 7.8

D Experiment 28.5 8.3 29.4 17.4 2.9 20.0 23.3 25.7 10.6 12.5
FE analysis 27.8 8.4 29.4 17.9 3.0 20.4 22.5 25.2 10.2 11.7

E Experiment 13.4 3.5 25.2 21.8 1.4 22.5 22.4 21.4 1.8 3.4
FE analysis 13.6 3.7 25.1 21.0 1.4 21.7 21.9 20.6 2.4 3.2

Figure 4 | Simulation results of ball velocity and ball rotation for the curve kicks of five subjects by varying (a and b) the foot velocity immediately before

impact, (c and d) the Young’s modulus of the shoe upper, and (e and f) the coefficient of friction between the shoe upper and the ball. The results of launch

angles in the left/right and up/down directions to the vector of the foot velocity immediately before impact, X, Y, and Z components of the ball

velocity and ball rotation are shown in Supplementary Figure S1.
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this model is unsuitable for investigating the plantar pressure distri-
bution while in contact with the ground during walking or running.
Finally, this model cannot simulate the relationship between the
impact and the ball behaviour for toe kicks, which causes great
deformation in the toe portion of the foot. The other major limitation
of this model is that the joint reaction force and joint moment loaded
on the ankle joint were constant values. Although the constant values
were used by reference to the previous studies13–15, the ankle joint
reaction force and ankle joint moment during impact may not be
constant in fact. It is considered that this assumption affects the
accuracy of the finite element analysis. However, the launch angle,
ball velocity, and ball rotation immediately after impact in the finite
element analysis were in general agreement with the experimental
results.

Although the results of this study suggest that the shoe upper does
not significantly influence the ball behaviour (launch angle, ball
velocity, and ball rotation) immediately after kick impact, it cannot
be concluded that the shoes do not influence the ball behaviour.
Among the parameters related to shoes, we examined the effect of
Young’s modulus of the shoe upper and the coefficient of friction on
ball behaviour. However, other material properties may affect the
ball behaviour. Alternatively, attaching thick rubber or another pro-
tuberance to the shoe upper to create a 3D structure may influence
the ball behaviour. However, we speculate that the influence of the
impact pattern on the ball behaviour is much greater than that of the
shoe upper. In other words, to kick a curve ball or fast ball as inten-
ded, the kicker’s technique is of paramount importance. Scoring a
goal using these kicks is possible only because of the player’s superior
skill at the required kick techniques. If the finite element model
constructed in this study can be applied to curve kicks with varying
impact patterns or to knuckle ball kicks, the relationship between the
impact patterns and the ball behaviour can be further understood.
These results are likely to contribute to the improvement of the
players’ skills and improve the development of products such as
improved soccer shoes.

Methods
Experiment. The study included five experienced male university soccer players (age:
22.6 6 2.1 years; height: 172.2 6 5.4 cm; and body mass: 59.4 6 6.3 kg), each with
more than 10 years of playing experience. This study was conducted in accordance
with the protocol approved by the Research Ethics Committee of the Tokyo Institute
of Technology. The subjects provided written informed consent before the
experiment. All subjects were right-footed kickers. The experiment was conducted in
an indoor laboratory with artificial turf, and the subjects wore shoes designed for
artificial turf (size: 25.5–27.0 cm; mass: 240–290 g). A size 5 FIFA-approved soccer
ball (mass: 432 g) was used, and the inflation pressure was maintained at 9.7 psi
throughout the experiment.

The subjects were instructed to perform one curve kick toward a goal that was
positioned 4 m away. They were not given specific directions about impact pattern.
The kicking foot motions were captured by two electrically synchronised high-speed
cameras (Memrecam fx-K4, NAC Image Technology Inc., Tokyo, Japan) at 2,500 fps
(exposure time 1/5,000 s). The cameras were placed to the right lateral and right rear
of the subjects.

Full Methods of Experiment and Experimental data processing can be found in the
Supplementary Methods online.

Finite element model construction. Effective models are simple and can solve the
research problem. The aim of this study was to examine the relationship between the
impact and ball behaviour for curve kicks. Because the impact area for a curve kick is a
hard region, which consists of bones ranging from the dorsal aspect to the medial
aspect of the foot, details of the inner structure of a foot such as each bone shape and
the ligaments were assumed to be unnecessary in the finite element model, which was
therefore simplified. A generalised foot shape was also assumed to be usable as the
shape for the foot model rather than applying a shape that is specific to each subject.
First, the barefoot and shoe (shod foot) shapes of another male subject (age: 34 years,
height: 170.0 cm, body mass: 64.0 kg) were obtained using a 3D foot laser scanner
(INFOOT, I-Ware Laboratory Co., Ltd., Osaka, Japan) under static conditions after
informed consent was obtained from the subject. When measuring the barefoot
shape, six markers with diameters of 5 mm were placed on anatomical landmarks of
the tarso-metatarsal joint (tuberosity of the first metatarsalis, tuberosity of the second
metatarsalis, and tuberosity of the fifth metatarsalis) and the transverse tarsal joint
(tuberosity of navicular, junction point, and tuberosity of cuboid) to simulate these
joints for later modelling of the flexibility of the joint structures.

The barefoot and shoe shape data were then imported into the finite element
software application Abaqus/CAE (Version 6.11, Dassault Systèmes, Vélizy-
Villacoublay, France) and were merged while retaining the boundary between the
barefoot and the shoe. The finite element foot model was scaled to the foot size of each
subject. The foot model was meshed using tetrahedral solid elements (Figure 1a). The
barefoot, joint, shoe upper, and shoe outsole were assigned linear elastic material

Figure 5 | Simulation results of ball velocity and ball rotation for five subjects by varying the coefficient of friction between the shoe upper and the ball

when the foot velocity immediately before impact was (a and b) larger or (c and d) smaller (25.0 m/s and 5.0 m/s, respectively) than each subject’s

actual experimental value.
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properties (Table 1). The 3D joint reaction force and joint moment (constant loads)
were applied to the ankle joint centre node.

The ball was modelled as a hollow sphere and was meshed using quadrilateral
composite shell elements to form the outer panels (2.5 mm thick) and the internal
latex bladder (0.4 mm thick) layers (Figure 1b). A hyperelastic material model was
developed for each part by fitting a hyperelastic reduced polynomial strain energy
potential equation against uniaxial tensile test data taken from Price et al.8 (Table 1).
To describe the viscoelastic material behaviour, a stiffness proportional damping was
applied to each composite material layer8. Mass densities of the outer panels and
bladder were calculated from mass and thickness measurements. A fluid cavity was
defined to represent the air within the bladder and allow for pressurisation. The ball
inflation pressure used for the experiments was applied to the ball model.

The foot model was placed in the foot posture immediately before impact in the
experiment as shown in Figure 2. The rotational angles and translational displace-
ments of the foot model for each process are shown in Table 2. As the initial condition,
the foot COM velocity immediately before impact in the experiment was applied in
the Y direction to the foot model. The foot angular velocity immediately before impact
in the experiment was also applied to the foot model. The friction between the foot
model and the ball model was expressed by the Coulomb friction, and the coefficient
of friction was set at 0.45.

Finite element impact analysis was performed using Abaqus/Explicit, and the
coordinates of eight nodes (heel, lateral malleolus, three nodes on the lateral side of
the foot, and three nodes on the ball surface) were output at 0.4 ms intervals cor-
responding to the frame rate of the high-speed cameras used in the experiment.

The trajectory of the foot and centre of the ball during impact were obtained from
both the experiment and finite element analysis. The centre of the ball in the finite
element analysis was calculated using the same method as that for the experiment. For
comparisons, the experimental data were transformed to a global coordinate system
with the origin at the centre of the ball immediately before impact with the Y axis
parallel to the vector of the foot COM velocity immediately before impact (the global
coordinate system is shown in Figure 2). The values of the joint reaction force and
joint moment applied to the ankle joint were determined so that the trajectories of five
nodes (heel, lateral malleolus, and three nodes on the lateral side of the foot) in the
finite element analysis were in good agreement with the respective marker trajectory
in the experiment.

Finite element model validation. The ball behaviour immediately after impact was
obtained from both the experiment and finite element analysis (after determination of
the values of the ankle joint loads). The launch angles of the ball in the left/right and
up/down directions to the vector of the foot (COM) velocity immediately before
impact (Y direction) were computed using the centre of the ball. Each component of
the ball velocity immediately after impact was derived from the first derivative of the
regression equation fitted to the displacement after impact. The absolute magnitude
of the ball velocity vector was calculated from the values of its components. The ball
rotation about each axis of the global coordinate system was calculated using the three
points on the ball surface. The ball rotation about its own rotational axis (absolute
magnitude of the rotation) was calculated from the values of its rotation vector
components. The finite element model was validated by comparing the finite element
results for the ball behaviour (launch angle, ball velocity and ball rotation)
immediately after impact with the experimental results for each trial (each subject).

Ball behaviour simulation. To study the factors that affect the ball behaviour for
curve kicks, we used a validated finite element model. For each subject, we simulated
the ball behaviour that occurs during the impact by varying the foot velocity
immediately before impact, the Young’s modulus of the shoe upper, and the
coefficient of friction between the shoe upper and the ball. We simulated the ball
behaviour by varying the foot velocity immediately before impact in increments of
1.0 m/s in the range of the actual experimental value 62.0 m/s for each subject. As
the base, we used the Young’s modulus of the shoe upper of 10 MPa, which is
equivalent to that of leather, in the validated finite element model. We simulated the
ball behaviour by varying it from 5 MPa, which is equivalent to soft polyurethane, to
50 MPa, which is equivalent to rigid polyurethane, over five stages (5, 10, 20, 30, and
50 MPa). As the base, we used the coefficient of friction of 0.4 in the validated finite
element model; we simulated the ball behaviour by varying it from 0.2 to 0.6 in
increments of 0.1.

Furthermore, to determine the relationship between the foot velocity immediately
before impact and the effect of the coefficient of friction between the shoe upper and
the ball on the ball velocity and ball rotation, we simulated the ball velocity and ball
rotation by varying the coefficient of friction when the foot velocity immediately
before impact was larger or smaller (25.0 m/s and 5.0 m/s) than each subject’s actual
experimental value.
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