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Abstract
Several studies have investigated the effect of surface features on the aerodynamic behaviour of a sphere or a football. 
Research on footballs typically compare real footballs with highly complex seam geometry and surface texture, making it 
difficult to identify which features influence the aerodynamic behaviour. This study commissioned many 3D printed footballs 
with regularly increasing seam length and surface texture to undertake a designed experiment to study these changes in a 
controlled fashion. Each ball was tested in a wind tunnel in non-spinning cases, or spinning about a vertical axis, at a range 
of speeds and key aerodynamic parameters were extracted from the data. Several methods were employed to characterise 
the roughness of each ball, and these roughness metrics were statistically tested for correlations with selected aerodynamic 
parameters. Using these relationships provides design guidance to football manufacturers to understand how modifying 
their surface geometry would influence the ball’s aerodynamic behaviour. In general, increasing the volume of roughness 
of the ball, measured as the change in volume of the ball introduced through seams or texture compared to a smooth sphere, 
decreased the critical Reynolds number. Balls with larger texture elements, particularly those with protrusive texture, had a 
much lower critical Reynolds number than other balls with the same absolute volumes of roughness. The post-critical drag 
coefficient did not significantly correlate with any of the roughness features of the balls. In a spinning case, the balls with 
high roughness generated a higher side force, this relationship plateaued at a certain level of roughness. The reverse Magnus 
behaviour changed significantly with the surface roughness; as the overall roughness volume of the ball increased, the Reyn-
olds number at which the reverse Magnus changed to a conventional Magnus effect decreased. The large protrusive texture 
elements were effective at preventing a reverse Magnus effect from occurring at all in the tested Reynolds number range.

1  Introduction

Football is the most watched and played sport in the world, 
with more than 3.5 billion people watching the 2018 World 
Cup [1], so it is important that the equipment used is sat-
isfactory. There are standards in existence for controlling 
the performance of footballs with regard to circumference, 
sphericity, rebound, water absorption, weight, and pressure 
loss [2], but there are none which govern the flight behaviour 
of the ball. If the ball is perceived to behave abnormally, 
pundits, managers and players often speak [3, 4] about quali-
tative features of a ball flight, such as swerve, dip or curve; 
but it is unclear exactly which aspect of the flight they are 
referring to, how to measure them, or if they are desirable 
characteristics of the ball. There are no unified accepted 
quantifiable metrics for assessing the flight performance of a 
ball with literature sources [5–8] using many different meth-
ods of comparing flights, often drawing conclusions from a 
single example flight. This makes it difficult to determine 
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which aspects of the flight cause a certain perception of a 
football’s aerodynamic behaviour, and, therefore, how to 
optimise the ball’s design to control perceived behaviour. It 
would be preferable to statistically analyse ball performance 
across a large range of flights [9]. Even if the expectations of 
a football were well-defined, exactly how football designers 
should alter their ball to meet a desired behaviour is still 
somewhat unclear.

Prominent papers on fundamental sphere aerodynamics 
by Achenbach [10, 11] explores the aerodynamic behav-
iour of smooth and rough spheres and uses boundary layer 
theory to explain this behaviour. As the sphere’s relative 
roughness (k/d) increased, the critical Reynolds number 
(Recrit) decreased, and the post-critical drag coefficient value 
increased. Larger scale intrusive dimples have been found 
to introduce a region of recirculation, which reenergises the 
flow, allowing it to remain attached further round the sphere 
[12, 13]. Large scale protrusive pimples generate a strong 
hairpin vortex structure acting to reenergise the flow down-
stream of the element and delay the separation of the flow 
from the sphere surface [14, 15]. Both can cause a delayed 
separation and the onset of the critical regime at a lower Re 
than a smooth sphere, significantly affecting aerodynamic 
behaviour.

The Reynolds number (Re), drag coefficient (Cd) and spin 
coefficient (Cy) are non-dimensional quantities, which are 
normalised for airspeed, ball size and atmospheric effects 
and are defined in Eqs. 1, 2 and 3:

Existing football aerodynamic literature [16–19] typically 
compare the loading of real footballs with different, com-
plex surface features, making it difficult to discern exactly 
which feature is causing the changes. They demonstrate that 
footballs do significantly differ, even if the features causing 
the differences are less clear. For example, Passmore et al. 
[16] tested six FIFA approved footballs and found there was 
up to 50% change in the post-critical drag and a significant 
difference in Recrit between the balls. They also identified 
a dependence of side force on the orientation of the ball 
and demonstrated that the panel arrangement affected these 
results.

Rogers [20] parametrically varied seam width and depth 
for a conventional truncated icosahedron pattern and found 
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that the wider and deeper seams had smaller Recrit and 
slightly higher post-critical drag coefficient values, which 
is in line with Achenbach’s findings [11]. Rogers also 
found adding small grooves or surface texture acted simi-
lar to global roughness. Hong et al. [21] tested the same 
seam design with varying surface texture elements and 
found that the drag curve remained consistent but noted 
changes in the orientation dependent side forces in non-
spinning tests. Goff et al. [22] collated data from several 
sources and analysed the ball geometries and reported 
Recrit to determine which of the parameters correlated most 
strongly to the aerodynamic performance, finding that the 
seam width was most important. These studies were under-
taken on non-spinning balls, which simplifies the problem, 
but a football is almost always spinning in flight.

The Magnus effect occurs when a body is rotating, and 
its spin axis is not aligned with the flow direction. On the 
retreating side (moving in the same direction as the flow), 
the relative motion of the surface reduces the surface 
friction losses compared to the advancing side, resulting 
in the flow over the retreating side being faster than the 
advancing side. This difference in velocity will result in a 
pressure differential between the two sides, causing a side 
force. The reverse Magnus effect occurs around Recrit. In 
this case, because of the relative velocity of the flow and 
surface, the flow on the retreating side becomes sub-criti-
cal, whilst the flow over the advancing side is post-critical. 
The difference in regime results in a later separation on the 
advancing side compared to the retreating side, biasing 
the wake towards the retreating side, resulting in an over-
all net force towards the advancing side. Passmore et al. 
[23] measured forces against orientation for a range of 
low spin rates and Re on real footballs. The spin depend-
ent Magnus forces increased, and orientation dependent 
forces decreased with increasing spin reaching a similar 
magnitude at around 90 rpm. Beyond this spin rate, the 
Magnus forces began to dominate.

Computational fluid dynamics (CFD) models can be used 
to predict the aerodynamic forces acting on a football but 
require vast amounts of computational resource to do accu-
rately. Pressure driven transition and boundary layer sepa-
ration limits the choice of solver and requires a fine mesh 
near the wall to accurately model. Pasquali and Schnepf [24] 
used computational models to identify differences between 
footballs in a static case at great computational expense but 
were unable to develop a suitable model for a spinning case. 
Barber et al. [25] used commercial CFD tools to compare the 
aerodynamic forces of scanned geometries to wind tunnel 
data. Their errors in drag coefficient were up to 25% which 
is significant given the scale of geometric changes between 
the balls. It was determined that the range of balls, airspeeds 
and spin rates required for this investigation was more suited 
to an experimental analysis.
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The literature discussed here highlights that comparing 
the aerodynamic behaviour of real footballs makes it difficult 
to determine exactly which of the changing features (seams 
or texture) causes the change in aerodynamic behaviour due 
to the complexity of their surface geometry and the large 
changes between balls. This study aimed to controllably 
introduce additional seams and surface texture on spheres 
in spinning and non-spinning conditions and examine the 
effect they have on the aerodynamic behaviour and develop 
the understanding of this relationship.

2 � Methodology

2.1 � Wind tunnel

The tests were undertaken in the Loughborough University 
large wind tunnel; a low speed, open circuit, closed jet wind 
tunnel with a 1.32 × 1.92 m working section. A schematic 
can be found in Fig. 1a. The tunnel can achieve a maxi-
mum velocity of 45 m/s (Re ~ 7 × 105) and blockage ratio 
around 1.7% in the working section based on a ball diam-
eter of 220 mm [26]. The balance is a high accuracy, 6-axis 
under-floor, virtual centre balance with a quoted component 
accuracy ± 0.05% and ± 0.50% for typical drag and side force 
values, respectively. A schematic of the wind tunnel inlet 
and test section, as well as the axis conventions used can be 
found in Fig. 1b. Drag is defined as positive in the positive 
X direction, and lateral forces are positive in the negative 
Y direction (such that a conventional Magnus effect results 
in a positive force). A 20 mm stainless steel shaft was used 
to support the ball from below the tunnel floor, as shown 
in Fig. 1c, where it was attached to a DC motor via a flex-
ible coupling. This motor was mounted on the 6-axis force 
balance. All the raw data was processed using MATLAB 
r2021a.

To measure the drag as a function of Re of each ball, 
the speed was regularly increased from 10 to 30 m/s and 
refined around the critical speed over a non-spinning ball. 
30 s of balance data was captured at 300 Hz at each point. 

To measure the orientation dependency of the ball, the tun-
nel speed was increased from 10 to 30 m/s in steps of 5 m/s. 
At each speed, the ball was yawed about the Z axis through 
360° in steps of 5°. Where possible, 0° was set with a seam 
vertical to the oncoming flow. 30 s of balance data was taken 
at 300 Hz at each orientation. Wind-off tare measurements 
were also taken and corrected for. To measure the spin 
dependent forces, the ball was spun from 100 to 400 rpm 
in steps of 100 rpm and at each spin rate the tunnel speed 
was set to 32 m/s and then allowed to slow down to perform 
a transient Reynolds sweep. The balance data was continu-
ally captured at 300 Hz as the speed decreased. This was 
repeated four times for each spin rate and the balance results 
were averaged across 1 m/s bins. This transient approach is 
more representative than discrete points as the ball is gener-
ally slowing down during play.

Key values were extracted from the aerodynamic data 
to characterise the ball’s aerodynamic behaviour: the criti-
cal Reynolds number was manually selected from the drag 
data, where it plateaus from the critical into the post-critical 
region (defined by Achenbach [10]). The drag coefficient 
values for all Re above this were averaged to calculate the 
post-critical drag coefficient. The RMS side force coefficient 
was extracted from the orientation results. From the spinning 
tests, the high spin side force coefficient was defined as the 
side force coefficient at 200 rpm, 100 kph (Re ~ 4.5 × 105), as 
well as the minimum side force coefficient across the range 
of Re at 100 rpm. The Reynolds number at which the side 
force became positive at 100 rpm was defined as the reverse 
Magnus Reynolds number.

2.2 � Ball specifications

The balls were created using NX10.0 software (Siemens 
Software) starting from a smooth sphere with the required 
mounting features. To vary the length of seam in a controlled 
fashion, increasingly complex spherical polyhedra were 
used. These geometries were chosen to maintain a uniform 
distribution of seam. All the geometries used in this study 
can be constructed entirely from a combination of great 

Fig. 1   a Wind tunnel schematic [27]. b Wind tunnel inlet and working section schematic, including axis conventions. c Example ball on support
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circles which are circumferences of the sphere around the 
centre point. Key geometric properties are shown in Table 1 
as well as renderings of the geometries. The seams were 
V-shaped, and the seam width and depth values were inde-
pendently varied from 2 to 5 mm and 1 to 2.5 mm, respec-
tively. The seam length was calculated as 2πR multiplied by 
the number of great circles. The specific seam dimensions 
for each ball are defined in Table 3.

The textures used were all spherical indentations or pro-
trusions and are summarised in Table 2, as well as a graphi-
cal rendering. The number of elements of each texture size 
was selected to maintain a similar total volume of texture 
with each other [28] at a value consistent with a real football. 
The Brazuca (2014 World Cup ball) had a similar size and 
number of elements to the small texture; the large texture 
is a similar size to a golf ball dimple. The texture elements 
were evenly distributed over the sphere surface using a tech-
nique adapted from that described by Deserno [29]. This 
algorithm regularly positioned the elements, such that the 

linear circumferential distance between them was the same 
and avoided placing them within 1 mm of a seam.

To test all five of the geometric parameters (number 
of seams, seam width, seam depth, texture size, and tex-
ture direction) in combination, an orthogonally designed 
experiment was followed to design the balls. This used the 
L16b orthogonal array design [30] and each ‘test’ was a 
ball design with a specific seam geometry and texture. In 
addition to these 16 balls, the eight balls with no seams 
(Table 2), as well as a smooth ball with no texture or seams 
were designed. The resulting ball parameter combinations 
are shown in Table 3. All these balls were 3D printed using 
a Hewlett–Packard Jet Fusion machine using a polyamide 
12 material. This has a quoted layer resolution of 80 µm 
[31] which, whilst a similar order of magnitude to the small 
texture elements, was refined enough to resolve them and 
an order of magnitude smaller than the other features in 
the study. Unfortunately, two of the balls were unable to 
be manufactured and tested within the timeframes for this 

Table 1   Seam pattern 
parameters Octahedron Tetrakis 

Hexahedron  
Disdyakis 

Dodecahedron  
Disdyakis 

Triacontahedron  
(Oct) (Hex) (Dodec) (Tric)

Seam 
Length 
(mm) 

2073 4146 6220 10367 

No. Edges 
No. Great 

Circles 

12 36 72 180

3 6 9 15 

Rendering 

Table 2   Ball texture parameters  Small Medium Large V. Large
Diameter 

(mm) 1 1.4 3 8 

Depth 
(mm) 0.1 0.7 1 2 

No. elements 
(±10%) 40000 25000 3000 300 

Intrusive  

Protrusive  
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investigation. This limited the formal analysis of the design 
of experiments results and resulted the correlation-based 
approach detailed in Sect. 3.4. These balls were all tested 
using the Reynolds sweep, yaw sweep and transient Reyn-
olds sweep tests described in Sect. 2.1. For comparison, two 
real footballs, a 2014 adidas brazuca and a 2018 adidas Tel-
star18 were filled with expanding foam and mounted using 
the method detailed by Passmore et al. [5] and tested using 
the same method.

2.3 � Equivalent roughness definition

The literature discusses the effects of various roughness 
types on the aerodynamic behaviour of a sphere. Achen-
bach investigates a global uniform roughness [11], Son et al. 
[32] apply an individual positive trip and various football 
literature sources [16, 18] compare different real footballs 
with complex seam geometry and texture. Unfortunately, it 
is difficult to compare these in a quantifiable way.

Footballs have three roughness types which could be con-
sidered: first, the micro-roughness of the panel material; next 
the individual texturing elements (dimples or pimples); and 
finally, the seams. Each of these are of different scales and 
are usually specified in different ways, so a method to char-
acterise the overall equivalent roughness of the ball and to 
correlate this with aerodynamic behaviour is desired.

Haake et al. [33] examined cross sections of footballs and 
golf balls by measuring the height of each point of the ball’s 
silhouette and statistically analysing the distribution. They 
found a strong relationship between Recrit and skewness and 
that roughness dominated by valleys produced a lower Recrit 
than roughness dominated by peaks. This analysis had only 
a single football geometry but worked well for golf balls. 
Fuss found similar trends for uniformly rough cylinders 
[34]. A drawback with this method is that only three planes 
are considered, which may be a good representation of an 
axisymmetric golf ball surface but less useful for a football; 
different results would be found if the plane chosen passes 
parallel to a seam, rather than perpendicular.

Table 3   Designed experiment ball specifications

*This test programme was undertaken during the COVID-19 global pandemic which disrupted manufacture and test facility availability. The two 
balls marked with * were not able to be tested

Ball # Seam Pattern Seam Width 
(mm)

Seam Depth 
(mm)

Texture Size Texture 
Direction

L16b Orthogonal Test Matrix 1 Octahedron 2 1 None None
2 Octahedron 3 2.5 Med Neg
3 Octahedron 4 2 Large Pos
4 Octahedron 5 2.5 Small Neg
5 Hexahedron 2 1.5 Large Neg
6 Hexahedron 3 1 Small Pos
7	 Hexahedron 4 2.5 None None
8* Hexahedron 5 2 Med Pos
9 Dodecahedron 2 2 Small Neg
10 Dodecahedron 3 2.5 Large Pos
11 Dodecahedron 4 1 Med Neg
12 Dodecahedron 5 1.5 None None
13 Triacontrahedron 2 2.5 Med Pos
14 Triacontrahedron 3 2 None None
15 Triacontrahedron 4 1.5 Small Pos
16 Triacontrahedron 5 1 Large Neg

Isolated Texture Balls 17 No Seam - - Small Neg
18 No Seam - - Small Pos
19* No Seam - - Med Neg
20 No Seam - - Med Pos
21 No Seam - - Large Neg
22 No Seam - - Large Pos
23 No Seam - - V Large Neg
24 No Seam - - V Large Pos
25 No Seam - - None None
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In this study, Haake’s method was extended to con-
sider the entire ball surface, rather than specific planes. 1 
million points were evenly distributed across the surface 
of 3D models of the balls, using a technique defined by 
Deserno [29] and MATLAB r2021a to select the points 
and perform the analysis on the stl geometry files. At each 
of these points, the surface height of the computational 
3D geometry was sampled and statistically analysed to 
produce roughness metrics. The material’s micro-rough-
ness was not considered but was an order of magnitude 
smaller than the seam and texture size and as the 3D 
printed balls used in this study were made of the same 
material, the micro-roughness was consistent between 
the balls.

Thomas [35] discusses several methods to characterise 
the roughness of a surface. The methods examined in this 
study are the mean (Ra); standard deviation (Rq); skew-
ness (Rsk) and kurtosis (Rku). These are mathematically 
described in Eqs. 4, 5, 6 and 7, respectively:

where N is the number of samples, ri is the measured radius 
of each sample point, and rb is the nominal ball radius. The 
skewness and kurtosis values include a correction for sample 
size bias (Fisher–Pearson coefficient) and the kurtosis value 
has been corrected, such that a perfectly normal distribution 
has a kurtosis of zero, not 3 [36]. The mean difference of 
the sample points from the mean radius was also calculated.

As well as the values used to define the 3D printed 
ball geometry (in Table 3) and these statistical methods, 
further roughness metrics were defined: Seam length was 
calculated using the number of seams and the circumfer-
ence of the ball. The seam area was defined as the cross-
sectional area of the seam. The seam surface area was 
defined as the length multiplied by the width The seam 
volume was defined as the seam length multiplied by the 
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seam area. The texture number, diameter and height were 
defined in the original ball designs, and sphere–sphere 
intersection geometry [28] was used to determine the tex-
ture surface area coverage and the texture volume added 
to or removed from the sphere, described both direction-
ally (dir) and absolute (abs), with protrusive texture being 
positive. The texture and seam volumes were summed to 
calculate the total roughness volume.

3 � Results

3.1 � Reynolds sweeps

Figure 2a shows the Reynolds sweep results for the 3D 
printed balls with seams but no texture elements (Balls 1, 7, 
12, 15 and 25) and Fig. 2b shows the Reynolds sweep results 
for the 3D printed balls with texture but no seams (Balls 
17–25). The effect of the support is described by Passmore 
et al. [16] in similar experiments. The two real footballs 
were also tested using the same methods and are included 
in Fig. 2a, these show similar critical Reynolds number 
and post-critical Cd results to the 3D printed balls. Adding 
roughness, either in the form of seams or surface texture, 
decreased Recrit, the roughness acted to introduce mixing 
in the boundary layer and reenergise it, which is a similar 
finding to Achenbach [11]. The post-critical drag coefficient 
was reasonably consistent between all the balls, which were 
similar results to those found by Passmore et al. on several 
FIFA approved footballs [16].

3.2 � Yaw sweep results

Figure  3a shows the orientation test results for the 3D 
printed balls with no surface texture. Cyclic trends can be 
seen in the hex and dodec cases. Figure 3b shows the calcu-
lated Root-Mean-Square (RMS) side force coefficient from 
these results and demonstrates a clear relationship between 
the number of seams and the RMS side force coefficient.

3.3 � Transient Reynolds sweep test results

Figure 4 shows the side force coefficient against Re and 
spin rate for the 3D printed balls with no seams from the 
transient Reynolds sweep tests. In general, as the spin rate 
increased, the side force coefficient increased as the Magnus 
effect became stronger. The smoothest balls still exhibited 
a reverse Magnus effect (negative Cy) even at higher spin 
rates and the roughest balls never show this behaviour. The 
balls with some texturing show a reverse Magnus effect at 
low spin rates, but a conventional effect at higher spin rates.
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3.4 � Correlation map

The roughness and aerodynamic metrics (defined in 
Sect. 2) for each 3D printed ball were examined statis-
tically using Pearson’s linear correlation methods, and 
the results are presented in Table 4, with R values for 

significant findings (p < 0.05) displayed. The strongest 
correlations are examined in more detail in Fig. 5. Fig-
ure 5a shows that Recrit decreased with increasing radius 
standard deviation. Figure 5b shows that as the roughness 
increased (either intrusive or protrusive), the side force 
coefficient in a spinning case increased. Figure 5c shows 

Fig. 2   Drag coefficient against 
Reynolds number. a Effect of 
seams on balls with no surface 
texture, b Effect of surface tex-
ture on balls with no seams
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that as the texture volume increased the minimum side 
force coefficient decreased. Figure 5d shows the reverse 
Magnus Reynolds number decreased with an increased 
standard deviation.

4 � Discussion

The Reynolds sweep data (Fig. 2) follows the generally 

Fig. 3   Orientation test results for the balls with no surface texture. a side force vs orientation, b RMS side force coefficient

Fig. 4   Side force coefficient against Re at a range of spin rates for balls with no seam. 95% confidence intervals, representative of all cases, are 
only shown for the smooth ball. a 100 rpm, b 200 rpm, c 300 rpm, d 400 rpm
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understood phenomenon that increasing the surface rough-
ness decreased the critical Reynolds number. Some of the 
most heavily textured balls did not transition at all during 
the range of Re tested. The orientation was not controlled 
in these tests, which was demonstrated by Passmore et al. 
to change the drag coefficient by around ± 5%. Whilst there 
were some small differences between the post-critical drag 
coefficient of the balls, the measurement repeatability and 
orientation effects were of this order, and as demonstrated 
by Passmore et al. [16] even large differences in the drag 
coefficient do not significantly alter the flight behaviour. 
The 3D printed balls were also found to match well to the 
results from two real footballs.

The yaw sweep results (Fig. 3) showed a strong trend that 
as more seams were added, the RMS side force coefficient 
increased. The seam dimensions also changed between the 
balls, an effect shown by Rogers [20] and Goff et al. [22] to 
be a significant contributor to the aerodynamic behaviour. 
The higher RMS side force coefficient for the hex ball could 
be because there was no equatorial seam for this geometry, 
meaning more of the seams on the ball had a component 
perpendicular to the flow, which will be more orientation-
ally sensitive.

In the transient Reynolds sweep results (Fig. 4), the large 
elements decelerated the flow more significantly on the 
advancing side, which increased the pressure differential 
and hence the side force. At high Re, the side force coef-
ficient of the larger texture elements begins to converge, 
but the small elements and smooth ball have a significantly 
lower side force coefficients than the others at all spin rates. 
There was no reverse Magnus effect seen for the protrusive 
large and very large textures at any spin rate or Re. In the 
Reynolds sweep results, it was shown that the flow regime 
remained post-critical throughout the range of Re tested for 
these balls; therefore, the laminar separation required for the 
reverse Magnus effect was not present. For the smaller and 
intrusive texture elements, there was a consistent trend that 
as the texture size increased, more mixing was introduced on 
the retreating side, which reduced the Reynolds number at 
which the laminar separation required for a reverse Magnus 
effect could occur.

The correlations found (Table  4) between Recrit and 
increasing radius standard deviation is a similar finding 
to Achenbach [11], who found that uniformly increasing 
the ‘roughness’ caused a delayed, turbulent separation at 
lower Re, resulting in reduced drag. The k/d metric used by 
Achenbach (effectively the mean radius) did not correlate 

Table 4   Pearson’s linear 
correlation coefficients between 
the geometric properties and 
aerodynamic results

Any statistically significant relationships (p < 0.05) are coloured by their R value
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as strongly as these metrics as it did not effectively account 
for the large features, such as seams and the larger texture 
elements, although this relationship was still statistically 
significant in this analysis. Achenbach’s findings that Recrit 
is most sensitive to the initial introduction of roughness was 
also in evidence here. The most significant differences from 
the main trend were the large protrusive textures, as well as 

both intrusive and protrusive very large textures due to more 
effective mixing of the boundary layer. However, more typi-
cal football seam and roughness geometries were predicted 
well by these metrics. Goff et al. [22] found that the seam 
width and texture correlated best with Recrit, whereas the 
seam length was found to correlate better in this analysis. 
They found that Recrit decreased with increasing length and 

Fig. 5   Strongest correlations between roughness and aerodynamic 
metrics. Each marker represents one ball, the outline colour is the 
seam pattern, the shape is the texture size, and the fill colour repre-
sents the texture direction. a Recrit vs surface standard deviation, b 

side force coefficient at 200 rpm, 100kph vs absolute deviation from 
nominal radius, c minimum side force coefficient vs directional tex-
ture volume, d reverse magnus Re vs surface standard deviation
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size of seam, as was found in this study; however, they also 
found that Recrit increased with the addition of texture, which 
is not consistent with Achenbach’s findings [11]. As the vari-
ables in Goff et al. were not independently controlled, their 
finding is possibly due to the simultaneous change of seam 
geometry than the change in texture.

The side force increased in a spinning case with devia-
tion from the nominal radius; the roughness on the advanc-
ing side slowed the flow down, resulting in a larger speed, 
and hence pressure, differential between the sides causing 
a larger side force. This force plateaued as the roughness 
increased, suggesting that the high spin side force was most 
sensitive to the initial roughness. The minimum side force 
coefficient was heavily influenced by the protrusive tex-
ture points at a very high minimum value due to their lack 
of reverse Magnus effect which significantly changed the 
appearance of the data. The large protrusive elements did 
not exhibit a reverse Magnus effect at any tested Re, so were 
given a value of zero. As the surface roughness increased, 
the flow on the retreating side transitioned at a lower Re, 
which caused the switch from reverse to conventional Mag-
nus at a lower Re.

The 3D footballs were shown to be comparable to real 
footballs, but significant further investigation would be 
required to fully quantify the effect of the micro-roughness, 
and direct comparison with a similar real football would 
further validate this as a suitable design approach for foot-
balls. This investigation has demonstrated empirical trends 
between the surface properties of a football and the aerody-
namic behaviour of the ball in static and spinning conditions 
at a range of Reynolds numbers There is significant further 
work to fully understand the fluid mechanics behind the 
surface and flow interaction and how these changes in flow 
behaviour result in the changes in measured forces, Flow 
measurement techniques (such as particle image velocime-
try) or visualisation (such as smoke) could be useful here. 
One significant limitation is the presence of the support, 
which is known to affect the flow behaviour around the ball. 
Unfortunately, some element of interference is unavoidable 
to support the ball, and a crossflow support is necessary to 
enable the ball to spin. It would be an interesting further 
investigation to take geometric and aerodynamic measure-
ments of real footballs to understand if these relationships 
hold true and further develop understanding in this area.

5 � Conclusions

This study undertook a designed parametric experiment 
using 3D printed footballs with regularly changing surface 
features to identify the influence of seams and texture on 
the aerodynamic behaviour of the balls. Novel methods to 
statistically analyse the overall roughness of the ball were 

developed and were tested for correlations with measured 
aerodynamic properties. In several cases, the metrics quan-
tifying the combined roughness of the ball correlated better 
with the aerodynamic properties than any of the individual 
features. These relationships between the ball’s surface 
geometry and its aerodynamic properties will allow foot-
ball designers to better optimise and control their design 
for a desired aerodynamic performance. These relationships 
demonstrated that increasing the roughness of the ball, either 
through the introduction of seams or texture decreased Recrit 
[6, 11, 16] Balls with large texture elements, particularly 
protrusive texture, were found to be post-critical across the 
range of tested Re. The post-critical drag coefficient did 
not significantly correlate with any of the metrics of rough-
ness of the balls. Larger seam volumes were found to have 
increased the orientation dependent RMS side force during 
the static tests. When large texture elements were added, 
the RMS side force reduced as the effect of the uniform 
texture obscured the isolated seams. In a spinning case, 
the smooth and smallest texture balls had much lower side 
force coefficients than the more heavily textured balls; this 
relationship plateaued at a certain level of roughness. The 
reverse Magnus behaviour changed significantly with the 
surface roughness. As the overall roughness volume of the 
ball increased, the Re at which the reverse Magnus changed 
to a conventional Magnus effect decreased with a strong 
linear relationship. The larger protrusive texture elements 
were effective at preventing a reverse Magnus effect from 
occurring at all in this Re range.
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