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Abstract: Soccer balls have undergone dramatic changes in their surface structure that can affect their
aerodynamics. The properties of the soccer ball surface such as the panel shape, panel orientation,
seam characteristics, and surface roughness have a significant impact on its aerodynamics and flight
trajectory. In this study, we performed wind-tunnel tests to investigate how the introduction of
grooves on the surface of a soccer ball affects the flight stability and aerodynamic forces on the ball.
Our results show that for soccer balls without grooves, changing the panel orientation of the ball
causes a significant change in the drag coefficient. Soccer balls with grooves exhibited a smaller change
in air resistance (Cd) in the supercritical region (20 to 30 m/s; 3.0 × 105

≤ Re ≤ 4.7 × 105), compared
to the ungrooved ball where only the panel orientation was changed. Furthermore, at power-shot
speeds (25 m/s), the grooved ball exhibited smaller variations in lift force and side force than the
ungrooved ball. These results suggest that a long groove structure on the surface of the soccer ball
has a significant impact on the air flow around the ball in the supercritical region, and has the effect of
keeping the air flow separation line constant.
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1. Introduction

In recent years, a variety of patterns have been used to make the surface panels for soccer balls.
The panels have undergone dramatic changes in structure, with new types of soccer balls appearing
at every FIFA World Cup since the 2006 event in Germany through to the 2018 event in Russia.
Recently, in addition to the official World Cup balls, soccer balls with unique panel structures have
been manufactured by different sports manufacturers and have been adopted as the official balls in
different soccer leagues around the world. Changes to the number of panels that make up a soccer ball
have been reported to significantly affect the flight trajectory of the ball and subsequently influence
the performance of players [1–4]. Similarly, it has been reported that the seam characteristics (length,
depth, and width) of the panel surface also have a significant impact on the aerodynamics and flight
trajectory [5]. Furthermore, the direction and number of seams can change the air flow around the
soccer ball and move the position of the air flow separation line [5,6]. Researchers have also analyzed
the aerodynamics and flight trajectories of balls from various other sports using a variety of techniques
to investigate the effect of factors such as the roughness (bumpy dimples) of the ball’s surface [7–16].

However, the effect of design changes on aerodynamic forces, due to changes in the structure of the
surface of the ball, requires further investigation. In this study, we investigated how the aerodynamics
of an existing soccer ball (TUJI-FA, Nassau, four-panel) can be altered by directly introducing a groove
that is shallower than the seams on the surface of the ball. In this study, conducted as basic research on
the impact of grooves, the aerodynamics were examined using a soccer ball with large panels, so that
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new grooves could be easily introduced on the panel surface. We examined whether it is possible to
change the aerodynamics of the ball in a less intrusive manner by introducing a groove structure into
a ball with a fixed number of panels. We produced both new and old type (T1 and T2, respectively)
soccer balls with grooves evenly inserted between the panels on the ball surface, with no change in the
number of panels. We then compared an existing old-type (TUJI-FA, four-panel, T1) ball to a new-type
(four-panel, T2) ball with the added groove structure, focusing on the aerodynamics of the balls and
the variation in aerodynamic force due to differences in the orientation of the panels. In this study,
the test focused on a fixed non-rotating soccer ball. It should be noted that measuring a rotating soccer
ball is also important and will be part of a future study; however, in this case, a non-rotating ball was
examined to obtain the initial basic and fundamental data.

2. Methods

Wind-Tunnel Experiment

For this study, we used a re-circulating wind tunnel (San Technologies Co., Ltd., Tochigi, Japan)
located at the University of Tsukuba (Figure 1). The maximum wind velocity of the tunnel was 55 m/s,
the outlet dimensions were 1.5 m × 1.5 m, the wind velocity distribution was within ±0.5%, and the
turbulence was less than or equal to 0.1%. The wind tunnel system was able to automatically measure
the wind velocity at 0.1 m/s intervals from the Pitot-static tube located above the measurement position
of the soccer ball. To ensure that the flow generated from the Pitot-static tube would have no direct effect
on the flow around the ball, the ball was positioned at the exact center of the nozzle cross section and
the distance between the nozzle and the ball was adjusted to zero for the measurements. For example,
when the wind speed was set to 25 m/s, the measured mean wind speed was 25.28 m/s, with a deviation
from the measurement position in the range −0.46% to 0.45% and a wind speed distribution within
±0.5%. Similarly, the degree of turbulence downstream of the nozzle when the wind speed was 25 m/s
was 0.05 to 0.06, which was within approximately ±0.1%, so the error from the ball position had little
effect on the wind speed. Furthermore, the measuring system can automatically measure the dynamic
pressure at 0.1 Pa intervals by means of the Pitot-static tube placed above the measuring portion of the
soccer ball. The length of the sting used in this study was 0.6 m, and its width was 0.02 m. All the
soccer balls used in this study had the same diameter of 0.22 m, weight of 0.429 ± 0.001 kg, and internal
pressure of 0.9 kgf/cm2. To measure the force of the soccer balls, we attached a round-shaped plate
to the rear of the soccer ball to fix it and connected it to the sting. In this arrangement, there was no
imbalance caused by changes such as distortions from a round sphere.
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3.8 mm deep. The groove introduced into the new soccer ball (T2) was 450 mm long (450 × 4 = 1800 
mm total length at all four locations), 5 mm wide, and 2 mm deep (Figure 3). The grooves were carved 
on the ball surface using a press machine. The difference between a seam and a groove is that a seam 
is generated between two panels that are tied together, and, depending on the soccer ball type, they 
are sewn with thread or bond. A groove is a pattern introduced directly to the surface of a panel; it 
has a unique shape with a slightly different depth and width from that of a seam. 
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An old-type soccer ball (TUJI-FA, Nassau, Figure 2a) and a new-type soccer ball (Nassau, Figure 2c)
were mounted on the wind tunnel for the experiments. The new soccer ball has the same four-panel
structure as the old ball. However, a groove in the pattern was introduced into the new-type soccer
ball (Figure 2b).
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Figure 2. Soccer balls used in this experiment: (a) old-type soccer ball (T1), (b) shape of the groove
introduced into the ball surface (at four locations), and (c) new-type soccer ball (T2) with grooves.

The seams on the surface of the two soccer balls used in this experiment were 10 mm wide and
3.8 mm deep. The groove introduced into the new soccer ball (T2) was 450 mm long (450 × 4 = 1800 mm
total length at all four locations), 5 mm wide, and 2 mm deep (Figure 3). The grooves were carved on
the ball surface using a press machine. The difference between a seam and a groove is that a seam is
generated between two panels that are tied together, and, depending on the soccer ball type, they are
sewn with thread or bond. A groove is a pattern introduced directly to the surface of a panel; it has a
unique shape with a slightly different depth and width from that of a seam.
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The aerodynamic forces on the ball were measured at two different panel orientations, i.e., A and
B (Figure 4). Panel orientation (A) positions the air valve front and center, while panel orientation (B)
(which is the opposite of orientation (A)) positions the point where the seams meet directly opposite
the air valve at the front and center. T1_A indicates the old Type 1 soccer ball positioned at orientation
A, and T1_B indicates the same ball positioned at orientation B. Similarly, T2_A indicates the new Type
2 soccer ball positioned at orientation A, and T2_B indicates the same ball positioned at orientation B
(Figure 4).

We measured the aerodynamic forces applied to each ball at 1 m/s intervals at a wind velocity (U)
ranging from 7 m/s (Re ≈ 1.0 × 105) to 30 m/s (Re ≈ 4.7 × 105), the speed interval most commonly used
by actual soccer players. The Reynolds number (Re) is a dimensionless number that is defined as the
ratio of inertial force to viscous force and can be expressed as

Re = UD/v (1)

where U is the velocity (m/s), D is the ball diameter (m), and v is the kinematic viscosity coefficient (m2/s).
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Figure 4. Soccer balls used in this experiment and their panel orientations.

Air forces acting on the ball were measured during a 10 s time interval by a sting-type six-component
force detector (model number LMC-61256 by Nissho Electric Works Co, Ltd., Tokyo, Japan). The data
were recorded for 10 s using a PC equipped with a A/D converter board with a sampling rate of
1000 Hz. The aerodynamic forces measured in this experiment were converted into a drag coefficient
(Cd), lift coefficient (Cl), and side force coefficient (Cs), as shown in Equations (2)–(4),

Cd =
2D
ρU2A

(2)

Cl =
2L
ρU2A

(3)

Cs =
2S
ρU2A

(4)

where ρ is the air density, expressed as ρ = 1.2 kg/m3; U is the flow velocity; and A is the projected area
of the soccer ball, expressed as A = π × 0.112 = 0.038 m2.

3. Results and Discussion

3.1. Drag Coefficient Variation by Ball Type

Figure 5 shows the drag characteristic curves of each soccer ball obtained from the wind-tunnel
tests. We positioned T1 and T2 soccer balls with two panel orientations (A and B) (Figure 4) and
measured the drag coefficient of each soccer ball at wind velocities ranging from 7 m/s to 30 m/s.
The drag characteristic curves represent the mean values over three trials for each soccer ball. For each
ball, the Pearson product-moment correlation coefficient for the results of the three trials was r = 0.95
(p < 0.01), suggesting that there was no significant difference between trials. In the case of the four-panel
T1 with no grooves, it was observed that changing the panel orientation caused a significant change in
the drag exerted on the ball. However, in the case of the T2 ball with new grooves introduced on the
surface of the panel, changing the panel orientation caused slight change in the drag exerted on the ball.
These drag coefficient results suggest that introducing a shallow groove into the surface of the ball is an
effective way to minimize the variation in aerodynamic force due to changes in the position of the ball.
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The relationship between wind velocity and drag coefficient is illustrated. T1_A indicates the
drag coefficient on the Type 1 soccer ball positioned at orientation A, and T1_B indicates the same at
orientation B. Likewise for the drag coefficient on the Type 2 soccer ball (T2_A, T2_B)

We found no significant difference in the critical Reynolds number (Rec) of each soccer ball under
the different panel orientations. For the T1 soccer ball, the critical Reynolds number was ~2.4 × 105

(Cd ≈ 0.16) under orientation A (T1_A) and ~2.4 × 105 (Cd ≈ 0.16) under orientation B (T1_B). For the
T2 soccer ball, the critical Reynolds number was ~2.6 × 105 (Cd ≈ 0.15) under orientation A (T2_A)
and ~2.5 × 105 (Cd ≈ 0.15) under orientation B (T2_B). It can be observed that the difference was
insignificant. However, in the case of T1, the drag coefficient values varied significantly depending on
the orientation of the ball in the supercritical region (above Re = 2.5 × 105) where the wind velocity is
higher. The fact that the air resistance acting on the T1 soccer ball (T1_A & T1_B) varies greatly in this
high-speed segment (at wind velocities of 20 to 30 m/s) suggests that changes in the orientation of the
T1 soccer ball could cause significant changes in its flight. In contrast, the T2 ball (T2_A & T2_B) with
grooves on the surface of the ball exhibited little orientation-dependent variation in aerodynamic force
even at high velocity (Figure 5), which suggests that this ball will follow a more stable flight trajectory
with less orientation-dependent variation over the course of its flight.

3.2. Changes in the in Lift and Side Forces over Time

Figure 6 plots the changes in standard deviations for the side and lift forces on each soccer ball
for a 10 s duration at a constant wind velocity of 25 m/s. T1_A indicates the changes in the standard
deviations of the side and lift forces on the Type 1 soccer ball positioned at orientation A for 10 s,
and T1_B indicates the same at orientation B. Similar changes were observed for the side and lift forces
on the Type 2 soccer ball (T2_A, T2_B) (10 s, wind velocity of 25 m/s). When T1 and T2 are compared,
it is possible to see that the drag coefficient of T1 is more direction-dependent, but no significant
difference was observed when the lift and side forces were changed.

Non-stationary forces often exhibit irregular fluctuations; furthermore, the fluctuations in the lift
and side forces acting on the ball varied depending on the type of soccer ball as shown in Figure 6.
Specifically, we found that the irregular fluctuations for aerodynamic force differed more between
different orientations of the same ball than between different ball types (Table 1). The variations in the
lift and side forces were approximately 15% smaller (p < 0.1) for the T2 ball with grooves compared to
the T1 ball, which suggests that introducing a shallow groove structure on the surface of a soccer ball
is an effective way to minimize the irregular vertical and horizontal force fluctuations and hence can
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be expected to produce a more stable flight trajectory. Specifically, the results of Figure 6 indicate that
the forces standard deviation (SD) vary more widely when the orientation of the same ball is changed
than when different ball types are used (Table 1).
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Table 1. Mean and standard deviation of the lift and side forces on the soccer balls used in this
experiment (10 s at wind velocity of 25 m/s).

Type
T1_A T1_B T2_A T2_B

Side
Force

Lift
Force

Side
Force

Lift
Force

Side
Force

Lift
Force

Side
Force

Lift
Force

Mean −1.10 −1.38 0.77 −2.69 −0.83 −1.74 1.85 −1.50
SD 1.23 1.05 0.70 0.80 0.92 0.88 0.74 0.70

Previous research has shown that adding a bumpy dimple pattern to the soccer ball’s surface
causes the air flow separation line to move backwards, thereby reducing the force (air resistance)
exerted on the ball [17]. It has also been reported that the aerodynamics of a soccer ball are significantly
affected by the characteristics of its seams, in particular the length, width, and depth of the seam [1].
With respect to the length of the seam in particular, it has been reported that the longer the seam,
the smaller the critical Reynolds number (Rec) [1,2]. However, in this study, the value of Rec for the
T1 soccer ball (with a seam length of 2300 mm) was ~2.4 × 105 (Cd ≈ 0.16) for T1_A and ~2.4 × 105

(Cd ≈ 0.16) for T1_B. For the T2 soccer ball with grooves (each 450 mm long) at four locations, with a
seam length of 2300 mm and a total groove length of 1800 mm, the value of Rec was ~2.6 × 105

(Cd ≈ 0.15) for T2_A and ~2.5 × 105 (Cd ≈ 0.15) for T2_B. The fact that the two balls exhibit little
difference in the value of Rec, counter to the result from previous research [1,2] on the relationship
between the length of the seam and the critical Reynolds number (Rec). This is considered to be due to
the fact that the depth (2 mm) and width (5 mm) of the groove introduced in this study are shallower
and narrower than the depth (3.8 mm) and width (10 mm) of the seam. In addition, previous research
on golf balls has shown that the form of the dimples on the surface of the ball has a large impact on
the ball’s aerodynamics, and that the ball’s wind velocity range characteristics depend on the size
of the dimples [18]. We speculate that the deep seams and shallow grooves on the surface of the
soccer ball in this study act like dimples of different sizes on a golf ball. Furthermore, the fact that
the shallow, narrow groove reduces the air resistance in the high-velocity segment suggests that the
groove structure has a significant impact on the air flow around the ball in the supercritical region.
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4. Conclusions

In our previous research on the aerodynamics of soccer balls, we examined how different panel
shapes and positions, the number and direction of panels [2,12], the characteristics of the seams, and the
shape of the surface impacted the ball’s aerodynamic [3–5]. Further, for the experiment, we used
existing soccer balls and made simple changes to the roughness of their surfaces by directly introducing
grooves into them. For this reason, we believe this experiment was based on the results of our previous
study, and the data obtained from it supports our research results concerning the surface structure of
soccer balls. In this study, we conducted wind-tunnel tests on soccer balls to investigate the impact of
the ball’s surface structure on its aerodynamics. We compared the aerodynamics of an actual Type
1 (T1) soccer ball with an actual Type 2 (T2) soccer ball that was modified by introducing a groove
into the surface of the ball. The wind-tunnel tests show that the ungrooved T1 soccer ball has a higher
level of dependence on the panel orientation, and that changes to the panel orientation can produce
significant changes in the drag exerted on the T1 ball. In contrast, the T2 ball with grooves on the
surface of the ball exhibited little orientation-dependent variation in drag, which suggests that this ball
delivers a more uniform and stable flight than the T1 ball. This is because the long and shallow grooves
on the surface of the T2 ball stabilize or regularize the air flow around the ball, thereby minimizing the
movement of the air flow separation line. In this study, the test was conducted on a non-rotating soccer
ball and the aerodynamic forces acting on a fixed soccer ball were measured. However, since rotating
balls are more frequent than non-rotating balls in actual matches, we intend to perform measurements
on a rotating soccer ball, using a wind tunnel, in future studies. Since this is a basic study that does
not consider the air flow, we are currently using a 3D CFD (Computational Fluid Dynamics) software
based on the lattice Boltzmann method [19] to analyze how these surface shapes affect the air flow on
the ball surface and the position of the detachment points. Additionally, we plan to use visualization
methods such as PIV (Particle Image Velocimetry) to conduct a more detailed investigation of how the
structure of the grooves on the surface of the soccer ball affects the structure of air flow around the ball
(generation, decay, and detachment) and the movement of the points of air flow separation.
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