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Abstract

Surface orientation can influence the aerodynamic response of modern soccer balls, partic-
ularly in the drag crisis regime. This study quantified the orientation-dependent aerody-
namic characteristics of the FIFA World Cup match ball Trionda using a single specimen
and examined how these differences affect simulated flight at sea level and 1500 m altitude.
Two reproducible reference orientations were defined: a red-panel-centered orientation
(Series A) and a seam-junction-centered orientation (Series B). Each reference orientation
was rotated by 0◦, 90◦, and 180◦, resulting in six fixed-orientation conditions. Wind tunnel
measurements were repeated three times per condition to obtain drag, lift, and side-force
coefficients, and two-dimensional non-spinning flight simulations were performed for
representative long-kick and free-kick conditions. All six orientations exhibited drag crisis
behavior, but the transition response magnitude, subcritical drag level, and supercritical
drag state differed among conditions. The representative transition region occurred at
approximately Re = 2.0 × 105 to 2.5 × 105. Among the tested conditions, B-90 showed the
lowest full-range mean drag coefficient (0.231), whereas A-90 showed the highest (0.266).
In the simulations, lower drag orientations consistently produced longer flight ranges, and
the B-90 > A-90 ordering was preserved across representative launch conditions and the ex-
panded parametric comparison. These findings indicate that the aerodynamic response of
Trionda cannot be represented adequately by a single mean drag coefficient and that surface
orientation should be considered in aerodynamic characterization and flight prediction.

Keywords: soccer ball; aerodynamics; drag crisis; boundary-layer transition; orientation
dependence; seam geometry; flight simulation; altitude effect

1. Introduction
The aerodynamic characteristics of a soccer ball are governed by the interaction among

the Reynolds number, boundary layer transition, flow separation, surface roughness, and
ball rotation. General biomechanical and aerodynamic aspects of soccer ball flight have
been reviewed previously, providing a broader framework for interpreting how surface
features and flow conditions influence ball behavior [1–3]. More broadly, the flight of sports
projectiles has been interpreted from a fluid mechanical perspective, with drag, lift, spin,
and wake instability identified as key factors governing the trajectories of spherical sports
balls [4]. Among these factors, the critical Reynolds number and drag crisis are particularly
important because changes in surface roughness and separation behavior directly influence
drag, lateral force, and, ultimately, flight trajectory [1,2]. Classical studies on golf balls
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and dimpled spheres have further shown that distributed surface roughness can promote
boundary layer transition and substantially modify drag and lift characteristics [5–7].

Modern official match balls differ substantially in panel configuration, seam geom-
etry, and surface texture, making it increasingly difficult to explain their aerodynamic
behavior solely in terms of overall shape [8]. Previous studies have shown that dimples
and surface textures can alter both aerodynamic forces and flight trajectories [9,10], while
seam characteristics are closely related to the critical Reynolds number [11]. Earlier exper-
imental work on association footballs demonstrated that seams can influence boundary
layer transition, drag behavior, and Magnus-related aerodynamic forces, indicating that
seam geometry is a key factor in football-specific aerodynamics [12]. Seam geometry has
also been reported to influence the range and lateral deviation of non-spinning kicks [13].
Numerical studies have also indicated that seam width and sharpness can substantially
affect the aerodynamic behavior of soccer balls, further supporting the importance of seam
geometry in ball-specific flow response [14]. Additional wind tunnel comparisons have
demonstrated that changes in surface structure alone can modify the flow regime and drag
coefficient of soccer balls, further emphasizing the aerodynamic importance of surface
topology in modern ball design [15]. Because nominal diameter and panel count alone do
not fully describe a soccer ball’s geometric quality, quantitative assessment of sphericity is
also relevant when comparing ball designs and interpreting aerodynamic differences [16].

Even within a single ball model, the aerodynamic response may vary depending on
which panel or seam arrangement faces the oncoming flow. Earlier studies using wind
tunnel testing and particle image velocimetry reported that separation location and wake
structure can vary with ball orientation, particularly in the critical Reynolds number regime,
and that such differences may be reflected in-flight behavior [17,18]. Quantifying aero-
dynamic variation within a single ball model is therefore important for improving flight
prediction beyond simple comparisons based on mean coefficients [19]. Complementary nu-
merical work has also shown that surface geometry can modify predicted force coefficients
and erratic trajectory behavior, indicating that ball flight sensitivity cannot be captured
fully by overly simplified geometric averages [20]. In addition, trajectory-based and field
measurement studies have shown that drag and lift parameters derived from actual flight
can be used to model soccer ball trajectories, including direct free kicks, spinning ball flight,
and surface-geometry-dependent deviations [21–24].

Goff et al. compared Trionda with previous FIFA World Cup match balls and reported
a relatively low critical speed together with a somewhat higher post-critical drag level [25].
Related comparisons among official match balls have also shown that differences in critical
speed and supercritical drag can translate into distinct non-spin trajectories, particularly in
the intermediate speed range [26]. However, previous studies have focused primarily on
comparisons between ball models and have not examined in detail how fixed surface orien-
tation influences the aerodynamic response of Trionda itself. This gap is important because
slowly spinning or nearly non-spinning soccer balls can exhibit irregular three-dimensional
flight behavior associated with unsteady aerodynamic forces and wake dynamics [27],
and football trajectories more generally can be classified according to the balance among
inertia, gravity, drag, spin-induced lift, and wake instability [28]. Recent measurements
on another modern low-panel football further suggest that contemporary surface design
can substantially alter drag, side force, lift force, and critical Reynolds number, thereby
motivating an orientation-sensitive analysis of Trionda [29].

The present study examines within-ball aerodynamic variability by testing how fixed
surface orientation alters the drag, lift, and side-force responses of a single Trionda spec-
imen. The aim was to quantify the orientation-dependent aerodynamic response of the
tested specimen using six reproducible fixed-orientation conditions and to assess how these
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differences influence simulated flight range at two altitudes, together with exploratory
fixed-orientation lateral bias under a representative long-kick condition. This perspec-
tive is important because a single representative aerodynamic coefficient may obscure
orientation-dependent differences that emerge in the drag crisis regime.

2. Materials and Methods
2.1. Test Ball and Definition of Orientation Conditions

The test ball used in this study was Trionda, the official match ball of the 2026 FIFA
World Cup. The ball consists of four irregular panels, with a mass of 431 g, a diameter
of 0.22 m, and a reference cross-sectional area of 0.038 m2. Distinct groove structures are
distributed over the panel surfaces. Because these features may affect boundary layer
transition and flow separation, the aerodynamic response of the ball may depend not only
on its mean geometry but also on the orientation of the exposed surface structures [9,13].

Two reference orientations were defined. In A-0, a red panel was positioned at the
center of the upstream-facing surface. In B-0, a Y-shaped seam junction was positioned
at the center of the upstream-facing surface. Each reference orientation was then rotated
clockwise, as viewed from upstream, by 0◦, 90◦, and 180◦, resulting in six conditions: A-0,
A-90, A-180, B-0, B-90, and B-180. Aerodynamic measurements for each condition were
repeated three times.

The 270◦ condition was not included because the aim of this study was not to exhaust
all possible orientations, but to quantify orientation-dependent differences using a repro-
ducible set of representative arrangements. The selected 0◦, 90◦, and 180◦ rotations were
considered sufficient to capture major rearrangements of panels and seams, although the
six tested conditions do not represent all possible in-flight orientations.

All measurements were performed on a single ball specimen; therefore, the present
study quantified within-specimen orientation-dependent variability rather than ball-to-ball
manufacturing variability. The six fixed-orientation conditions are illustrated in Figure 1.

Figure 1. Definition of the two reference orientations of the Trionda ball. (a) A-series: red-panel-
centered (A-0). (b) B-series: Y-shaped seam-junction-centered (B-0). Each reference orientation was
rotated by 0◦, 90◦, and 180◦ to define the six fixed-orientation conditions.

2.2. Wind Tunnel Facility and Experimental Conditions

Wind tunnel experiments were conducted in the closed-circuit low-speed, low-
turbulence wind tunnel at the University of Tsukuba (San Technologies Co., Ltd., Tochigi,
Japan). The maximum wind speed of the facility is approximately 55 m/s, and the test
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section measures 1.5 m × 1.5 m. For a soccer ball of 0.22 m diameter, the blockage ratio
is approximately 1.7%. The wind speed uniformity is within ±0.5%, and the turbulence
intensity is below 0.1%.

The ball was mounted using a stainless steel sting support. The sting was attached to
the rear side of the ball to minimize interference with the airflow, and a support structure
with a bowl-shaped groove was used. Aerodynamic forces were measured using a six-
component force balance (LMC-61256, Nissho Electric Works, Osaka, Japan). All wind
tunnel data reported in the present study were acquired independently in a separate
experimental session. Although the B-0 condition is nominally equivalent to the reference
orientation used in Ref. [25], the corresponding measurements were obtained independently
and do not constitute reused data.

The test velocity ranged from 7 to 35 m/s. At each flow speed, force data were sampled
at 100 Hz for 10 s, yielding 1000 time series samples per speed condition. At each flow
speed step, the tare-corrected force signals were converted into instantaneous aerodynamic
coefficients. The mean drag coefficient at each speed step was then calculated as the arith-
metic mean of the 1000 instantaneous Cd values acquired over the 10 s sampling period. No
additional filtering or windowing was applied before averaging. The within-run temporal
fluctuation was quantified using the standard deviation of the 1000 instantaneous Cd values.
Across the six orientation conditions, the within-run standard deviation of Cd was generally
small, ranging from 0.001 to 0.012 depending on orientation and the Reynolds number.
The largest fluctuations occurred in the transition region, approximately Re = 2.0 × 105 to
2.5 × 105, where intermittent changes in boundary layer state and separation behavior
are expected. In the subcritical and supercritical regimes, the temporal fluctuations were
smaller, indicating more stable mean separation states.

For each speed step, the mean and temporal standard deviation of Cd were
calculated as

Cd,mean =
1
N

N
Σ

i=1
Cd,i, N = 1000

and

σCd =

√
ΣN

i=1(Cd,i − Cd,mean)
2

(N − 1)

The experiments were performed at temperatures of 18–23 ◦C and relative humidity
of 35–50%. Reproducibility was assessed from the three repeated measurements, and the
coefficient of variation in the full-range mean Cd was 0.20–1.31% across the six conditions.
The full-range mean Cd values for the three repeated measurements are summarized in
Table 1.

Table 1. Full-range mean drag coefficient (Cd) for three independent repeated measurements under
each fixed-orientation condition. SD = standard deviation; CV = coefficient of variation.

Condition Trial 1 Trial 2 Trial 3 Mean Cd SD CV (%)

A-0 0.248 0.246 0.244 0.246 0.0020 0.66
A-90 0.263 0.267 0.269 0.266 0.0031 0.94

A-180 0.241 0.240 0.240 0.240 0.0006 0.20
B-0 0.240 0.234 0.233 0.236 0.0038 1.31

B-90 0.231 0.232 0.231 0.231 0.0006 0.20
B-180 0.237 0.236 0.239 0.237 0.0015 0.53

For each orientation condition, three independent repeated measurements were per-
formed. The full-range mean Cd values were summarized as mean ± standard deviation,
and the coefficient of variation was used as a descriptive indicator of repeatability. Be-
cause only three repeated measurements were available per condition, these statistics are
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interpreted descriptively rather than inferentially. Accordingly, the repeated measure-
ments are used here to assess repeatability and the relative robustness of the orientation
ranking, rather than to support formal statistical inference. The coefficient of variation
in the full-range mean Cd ranged from 0.20% to 1.31%, indicating low repeat-to-repeat
variability relative to the observed inter-orientation differences in the full-range mean Cd.
The experimental arrangement is shown in Figure 2.

 

Figure 2. Wind tunnel experimental arrangement at the University of Tsukuba.

2.3. Aerodynamic Coefficients and Flight Simulation

From the measured aerodynamic forces, the drag coefficient (Cd), lift coefficient (Cl),
and side-force coefficient (Cs) were calculated as follows:

Cd =
D

1
2 ρU2 A

Cl =
L

1
2 ρU2 A

Cs =
S

1
2 ρU2 A

where ρ is air density, A is the reference area, and v is the incoming flow speed. The
Reynolds number was defined as (Re = vD/ν). The primary variable of interest was
Cd, while Cl and Cs were additionally evaluated to characterize orientation-related
aerodynamic asymmetry.

Flight simulations were performed for two altitude conditions: sea level and 1500 m.
Air density was set to 1.20 kg/m3 and 1.08 kg/m3, respectively. A non-spinning ball was
assumed. For the long-kick condition, the initial speed and launch angle were set to 30 m/s
and 30◦, respectively. For the free-kick condition, they were set to 25 m/s and 20◦. To assess
how the orientation-dependent range difference varies with kick intensity, an additional
parametric simulation was performed at sea level across six initial speeds (20, 25, 28, 30,
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32, and 35 m/s) and six launch angles (15◦, 20◦, 25◦, 30◦, 35◦, and 40◦), yielding 36 launch
condition combinations per orientation condition. In the expanded parametric analysis, all
six orientations were evaluated at sea level, whereas at 1500 m altitude, the comparison was
limited to B-90 and A-90 to test whether the extreme orientation ordering was preserved
across the broader set of launch conditions.

The two-dimensional non-spinning flight simulation was based on a point-mass force
balance including gravity and aerodynamic drag only. The equations of motion were

dx
dt

= vx,
dz
dt

= vz

dvx

dt
= −ρA

2m
Cd(v) v vx

dvz

dt
= −g − ρA

2m
Cd(v) v vz

where x and z are the horizontal and vertical coordinates, vx and vz are the corresponding
velocity components, m is the ball mass, A is the reference area, ρ is the air density, g is
gravitational acceleration, and v =

√
vx2 + vz2. The speed-dependent drag coefficient

Cd(v) was obtained from the measured wind tunnel data. Lift, spin, attitude change,
aerodynamic torque, and wind disturbance were not included in the two-dimensional
model. The equations were integrated using a fourth-order Runge–Kutta method, and
landing was defined as the instant at which the ball center reached z = 0.

In the two-dimensional flight model, the ball was treated as a point mass subjected
only to gravity and drag. The instantaneous drag coefficient was obtained by linearly
interpolating the speed-dependent Cd values measured in the wind tunnel. Linear in-
terpolation was selected because it is a local reconstruction method that preserves the
measured Cd values and does not impose a global functional form on the drag crisis curve.
This is particularly important in the transition region, where Cd changes rapidly over a
narrow Reynolds number range. To examine the influence of the reconstruction method,
a leave-one-out comparison was performed between linear interpolation and third- and
fifth-order polynomial curve fitting. For the leave-one-out comparison, only interior speed
points were used so that the removed value could be reconstructed by interpolation with-
out extrapolation. The mean absolute reconstruction error of Cd was 0.00111 for linear
interpolation, 0.00297 for the third-order polynomial fit, and 0.00220 for the fifth-order
polynomial fit. Thus, linear interpolation provided the lowest reconstruction error among
the tested methods. Global polynomial fits can smooth the steep transition or introduce
oscillatory deviations between measured points, particularly near the drag crisis region.
Therefore, linear interpolation was retained for the flight simulations.

The x-axis was defined as the forward direction and the z-axis as the vertical direction.
Gravitational acceleration was set to 9.81 m/s2. Time integration was performed using a
fourth-order Runge–Kutta method, and landing was defined as the instant at which the
ball center reached z = 0.

For the long-kick condition, an additional three-dimensional simulation was per-
formed including both Cd and Cs. In this model, the x-axis denoted the forward direction,
the y-axis the lateral direction, and the z-axis the vertical direction. Drag acted opposite to
the instantaneous velocity vector, while side force was prescribed in the lateral direction.
For the side force term, the speed-dependent Cs values measured in the wind tunnel were
linearly interpolated at each time step, following the same procedure used for Cd in the
two-dimensional model. Lift associated with Cl was not included. The three-dimensional
simulation was intended as an exploratory analysis of fixed-orientation lateral bias and
was not designed to reproduce realistic spinning ball trajectories.
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Previous studies have suggested that orientation-dependent aerodynamic loading
may remain relevant not only for non-spinning balls but also, to some extent, under
spinning conditions [22,27]. However, the present three-dimensional model represents a
simplified fixed-orientation case rather than realistic spinning flight. Spin, attitude change,
aerodynamic torque, buoyancy, wind disturbance, and uncertainty propagation were not
included; accordingly, the simulation outputs are interpreted as deterministic indicators of
orientation-related lateral bias.

3. Results
3.1. Speed-Dependent Drag Characteristics

All six orientation conditions exhibited a typical drag crisis pattern, with Cd decreasing
rapidly over a limited Reynolds number range and then approaching a more gradual
variation at higher Reynolds numbers. However, the position of the transition region and
the magnitude of the drag drop differed among the tested orientations, indicating that
the arrangement of panel and seam structures exposed to the oncoming flow affected the
aerodynamic response.

When interpreted in terms of Reynolds number, Cd showed relatively large variation
below Re = 2.0 × 105, whereas the coefficient became more stable above Re = 2.5 × 105.
Based on the rapid decrease in Cd together with the subsequent reduction in variability,
the critical transition region was identified at approximately Re = 2.0 × 105 to 2.5 × 105. In
this context, orientation-dependent differences are more appropriately discussed in terms
of the position and intensity of the transition region than in terms of a single exact critical
Reynolds number.

Among the six conditions, B-90 exhibited the largest drag crisis drop (∆Cd = 0.129) and
the lowest supercritical mean Cd (0.201), whereas A-0 showed the smallest drag crisis drop
(∆Cd = 0.093). B-180 also showed a relatively small drag crisis drop (0.096). These results
indicate that the aerodynamic response of the tested Trionda ball in the transition region
was sensitive to fixed surface orientation. For the regime-conditioned summary, subcritical
Cd was defined as the arithmetic mean of the measured Cd values for Re < 2.0 × 105,
whereas supercritical Cd was defined as the arithmetic mean of the measured Cd values
for Re > 2.5 × 105. The intermediate range, Re = 2.0 × 105 to 2.5 × 105, was treated as
the transition region and was excluded from both regime-conditioned averages to avoid
mixing relatively stable and intermittent boundary layer states. The drag crisis drop, ∆Cd,
was calculated as the difference between the subcritical and supercritical mean Cd values.

As summarized in Table 2, fixed orientation affected not only the magnitude of the
drag crisis drop but also the subcritical and supercritical drag levels, suggesting that the
transition response depends on fixed surface orientation rather than following a single
universal drag curve (Figure 3).

Figure 3. Reynolds-number-dependent drag coefficient (Cd) for the six fixed-orientation conditions.
(a) A-series orientations: A-0, A-90, and A-180. (b) B-series orientations: B-0, B-90, and B-180.
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Table 2. Summary of regime-conditioned drag metrics for the six fixed-orientation conditions. Sub-
critical Cd represents the arithmetic mean of measured Cd values for Re < 2.0 × 105, and supercritical
Cd represents the arithmetic mean for Re > 2.5 × 105. The transition region, Re = 2.0 × 105 to
2.5 × 105, was excluded from both averages. ∆Cd indicates the difference between the subcritical and
supercritical mean Cd values.

Condition Full-Range Cd Subcritical Cd Supercritical Cd ∆Cd

A-0 0.246 ± 0.0020 0.319 0.227 0.093
A-90 0.266 ± 0.0031 0.348 0.241 0.107
A-180 0.240 ± 0.0006 0.330 0.212 0.118

B-0 0.236 ± 0.0038 0.325 0.209 0.116
B-90 0.231 ± 0.0006 0.330 0.201 0.129

B-180 0.237 ± 0.0015 0.312 0.217 0.096

3.2. Full-Range Mean Drag Coefficient as a Descriptive Summary

Although the primary aerodynamic differences were expressed through the drag crisis
structure, the speed-dependent Cd curves were also summarized as full-range means to
provide a compact comparative metric. In this summary, B-90 showed the lowest mean drag
coefficient, whereas A-90 showed the highest. Because Cd varies substantially across the
drag crisis regime, the full-range mean Cd is used here as a compact descriptive summary
rather than as a standalone aerodynamic property. This distinction is important because
the regime-conditioned mean values and the full-range mean Cd describe different aspects
of the drag response. The regime-conditioned values compare the pre-critical and post-
critical states separately, whereas the full-range mean Cd compresses the entire measured
Reynolds number range into a single descriptive value. In the present dataset, B-90 showed
lower Cd than A-90 in the subcritical regime (0.330 vs. 0.348), in the supercritical regime
(0.201 vs. 0.241), and in the full-range mean Cd (0.231 vs. 0.266).

The spread in mean Cd was larger within the A-series than within the B-series, suggest-
ing that the A-series reference orientation was more sensitive to rotational rearrangement.
However, this interpretation should be considered together with the full Cd curves, because
mean values compress the detailed Reynolds number dependence into a single metric. A
compact comparison of the full-range means Cd values is shown in Figure 4.

Figure 4. Full-range mean drag coefficient (Cd, ±SD, n = 3) for the six fixed-orientation conditions.
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Because full-range mean Cd compresses the Reynolds-number-dependent behavior
into a single value, it should be interpreted only as an aggregated descriptive metric. For
this reason, orientation dependence is more appropriately understood by considering how
each tested condition combines subcritical drag level, transition response magnitude, and
supercritical drag state, rather than by relying on a single averaged coefficient alone.

3.3. Orientation-Related Variations in Lift and Side Force

The mean values of Cl and Cs also differed among orientation conditions. A-180
showed the largest absolute lift coefficient, whereas A-90 exhibited the strongest negative
side-force bias. In contrast, B-0 and B-180 showed Cl and Cs values closer to zero, whereas
B-90 exhibited a distinct positive side-force bias (Figure 5).

Figure 5. Full-range mean aerodynamic force coefficients for the six fixed-orientation conditions.
(a) Lift coefficient (Cl); (b) side-force coefficient (Cs).

The sign reversal of Cl between A-0 and A-180 suggests that the upstream-facing
surface arrangement of the tested Trionda ball may not be vertically symmetric with respect
to the defined reference orientation. In addition, B-90 showed the clearest positive side-force
bias. The Cl and Cs results should therefore be interpreted as supplementary indicators of
orientation-related aerodynamic asymmetry rather than as complete descriptors of realistic
football flight.

3.4. Altitude Effects on Long-Kick Flight Range

For the long-kick condition, the simulated range at sea level was greatest for B-90
(51.68 m) and shortest for A-90 (48.65 m). At 1500 m altitude, the range increased for all
conditions, with values from 50.80 to 54.12 m. The increase in flight distance ranged from
2.46 to 2.66 m depending on the orientation.

An important result was that the relative ranking among orientations at sea level was
preserved at 1500 m altitude. Reduced air density increased range for all cases but did not
reverse the orientation-dependent hierarchy. As shown in Figure 6, altitude acted primarily
as an upward shift in range across all six orientations. These range differences should
be interpreted as deterministic responses of the adopted model based on the measured
speed-dependent Cd data and their interpolation in the flight simulation, rather than as
uncertainty-bounded trajectory predictions.

The effect of the reconstruction method on the representative long-kick simulation was
also examined using the A-90 and B-90 conditions, which showed the largest contrast in
drag and flight range. For v0 = 30 m/s and θ = 30◦, the absolute range difference between
the linear interpolation and third-order polynomial approaches was less than 0.42 m. More
importantly, the inter-orientation range difference, ∆R = B-90 − A-90, changed only from
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3.031 m to 2.985 m, corresponding to a difference of 0.046 m, or approximately 1.5%.
Therefore, the main conclusion regarding the B-90 > A-90 range ordering was not sensitive
to the selected Cd reconstruction method.

Figure 6. Simulated long-kick range for the six fixed-orientation conditions at sea level and 1500 m
altitude. Initial speed v0 = 30 m/s; launch angle θ = 30◦.

3.5. Free-Kick Flight Characteristics

The free-kick condition showed the same overall orientation ranking as the long-
kick condition, with B-90 producing the longest simulated range and A-90 the shortest.
However, the absolute range differences among orientations were smaller than those in the
long-kick case, consistent with the lower launch speed and the reduced cumulative effect
of orientation-dependent drag differences (Figure 7).

Figure 7. Simulated free-kick range for the six fixed-orientation conditions at sea level and 1500 m
altitude. Initial speed v0 = 25 m/s; launch angle θ = 20◦.
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3.6. Parametric Analysis: Range Sensitivity to Initial Speed and Launch Angle

To assess how the orientation-dependent range difference varies with kicking con-
ditions, a parametric two-dimensional flight simulation was conducted across 36 combi-
nations of initial speed (20–35 m/s) and launch angle (15–40◦) at sea level. The result-
ing inter-orientation range difference, defined as ∆R = B-90 minus A-90, is summarized
in Table 3. The remaining four orientations also fell between these two extremes at all
tested combinations.

Table 3. Inter-orientation range difference (∆R = B-90 − A-90, m) at sea level across six initial speeds
and six launch angles.

v0 (m/s) 15◦ 20◦ 25◦ 30◦ 35◦ 40◦

20 0.42 0.63 0.87 1.08 1.19 1.10
25 0.75 1.12 1.48 1.80 2.10 2.28
28 1.19 1.69 2.14 2.54 2.83 3.11
30 1.47 2.07 2.59 3.03 3.34 3.65
32 1.79 2.46 3.04 3.54 3.88 4.18
35 2.31 3.12 3.79 4.35 4.75 5.01

Table 3 shows that ∆R generally increased with initial speed and, in most cases, with
launch angle, from 0.42 m at the lowest combination (20 m/s, 15◦) to 5.01 m at the highest
(35 m/s, 40◦). Initial speed was the dominant variable: increasing v0 from 20 to 35 m/s
increased ∆R by approximately a factor of 4~5 at any fixed angle, consistent with the
quadratic dependence of drag on velocity. Launch angle had a secondary but meaningful
effect, with steeper trajectories generally producing larger ∆R values. The combined effect
of high speed and steep angle produced the greatest orientation sensitivity.

At 1500 m altitude, ∆R was slightly smaller than at sea level for most combinations,
typically by less than 5%, and the B-90 > A-90 ordering was preserved across all 36 parame-
ter combinations. This indicates that the extreme orientation contrast identified under the
representative launch conditions remained robust over a broader launch condition space
even at reduced air density. The parametric results therefore indicate the relative sensitivity
of the model predictions to orientation, but do not quantify the full uncertainty of real
flight outcomes.

Figure 8 visualizes these trends over the tested parameter space. At both sea level
and 1500 m altitude, the inter-orientation range difference increased toward combinations
of higher initial speed and larger launch angle, confirming that orientation sensitivity
becomes most pronounced for powerful and relatively steep long-range kicks. The altitude-
induced change in ∆R remained comparatively small over most of the domain, indicating
that altitude modified the absolute flight range more strongly than the relative separation
between the two extreme orientations.

Figure 8. Heat maps of the inter-orientation range difference, ∆R = B-90 − A-90, across initial speed
and launch angle. (a) Sea level; (b) 1500 m altitude; (c) altitude-induced change in ∆R, defined as ∆R
at 1500 m minus ∆R at sea level. Warmer colors indicate greater simulated orientation sensitivity.
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3.7. Exploratory Fixed-Orientation Lateral Bias

An exploratory three-dimensional simulation was used only as a supplementary
illustration of how the measured side-force differences may translate into lateral bias under
fixed-orientation assumptions. In this simplified model, the sign of the lateral deviation
broadly followed the sign of the mean side-force coefficient for each orientation (Figure 9).
Because lift, spin, attitude change, aerodynamic torque, and other unsteady effects were
not included, these results are interpreted only as reduced-order indicators of orientation-
related lateral bias rather than as realistic predictions of match play trajectory.

 
Figure 9. Top-view (x–y plane) trajectories from the exploratory three-dimensional fixed-orientation
simulation for the long-kick condition at sea level. Initial speed v0 = 30 m/s; launch angle θ = 30◦.
Circles indicate landing points; solid lines denote the A-series and dashed lines denote the B-series.
Positive and negative y values indicate opposite directions of lateral bias within the adopted coordi-
nate system.

3.8. Regime-Conditioned Cross-Orientation Summary of Drag Response

To provide a compact cross-regime summary of the drag response, the six fixed-
orientation conditions were further organized into a regime-conditioned response map
based on four descriptive metrics: subcritical mean drag, drag crisis drop, supercritical
mean drag, and full-range mean drag (Figure 10). This summary showed that B-90 com-
bined the largest drag crisis drop with the lowest supercritical and aggregated drag levels,
whereas A-90 exhibited the highest subcritical, supercritical, and aggregated drag. By
contrast, B-180 showed the lowest subcritical drag but only a modest drag crisis drop and a
less favorable supercritical state than B-90. These comparisons indicate that the orientation
effect cannot be reduced to a simple shift in the critical Reynolds number alone, because
the relative aerodynamic ranking depended on the combined variation in pre-critical drag,
transition response magnitude, and post-critical drag level.

The regime-conditioned response map interpretation is not intended to replace the
Reynolds-number-dependent drag curves or the numerical summary in Table 2. Rather,
it provides an interpretive cross-regime synthesis showing how each tested orientation
combines pre-critical drag level, transition response magnitude, post-critical drag level,
and aggregated drag performance.
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Figure 10. Relationships between aerodynamic characteristics and flight performance across orienta-
tion conditions and altitudes.

4. Discussion
The present results show that the tested Trionda ball exhibits measurable aerodynamic

variability as a function of fixed surface orientation, particularly in the drag crisis regime.
From a fluid mechanical perspective, this indicates that the upstream arrangement of seams
and groove textures can modify boundary layer transition and flow separation even when
the nominal ball geometry remains unchanged. Within the present single-specimen dataset,
the aerodynamic response therefore cannot be represented adequately by a single drag
coefficient alone, because orientation affected not only the magnitude of the drag crisis
drop but also the subcritical drag level and the supercritical drag state. The observed
orientation dependence of Cd can be interpreted in terms of surface topology presented to
the incoming flow by each fixed orientation. In the drag crisis regime, small changes in
surface roughness, seam exposure, groove arrangement, and panel edge distribution can
modify the disturbance environment of the developing boundary layer. These local surface
features may promote or delay laminar-to-turbulent transition, alter the separation location,
and change the width and pressure distribution of the wake. If transition is promoted
at an appropriate upstream location, the turbulent boundary layer can remain attached
farther downstream, resulting in a narrower wake and reduced pressure drag. Conversely,
if the exposed surface arrangement produces less favorable transition or promotes earlier
separation, the wake may remain wider and the drag coefficient may increase. Therefore,
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even though the nominal ball diameter and global geometry are unchanged, rotating the
ball can expose different distributions of seam junctions, grooves, and panel edges to the
incoming flow, thereby producing different transition–separation responses.

The regime-conditioned response map provides a compact synthesis of the Reynolds-
number-dependent drag behavior by combining subcritical drag, drag crisis drop, super-
critical drag, and full-range mean drag. This representation shows that the orientation
effect is not simply a shift in critical Reynolds number, but a coupled change in pre-critical
drag level, transition response magnitude, and post-critical drag state.

Within this framework, B-90 showed the strongest transition-related response, the
lowest supercritical drag, and the lowest aggregated full-range mean drag, whereas A-
90 showed the highest subcritical drag, the highest supercritical drag, and the highest
aggregated full-range mean drag. By contrast, B-180 exhibited the lowest subcritical drag,
but its drag crisis drop was modest and its supercritical drag remained higher than that
of B-90. This comparison is important because it indicates that the orientation effect is
not explained sufficiently by a simple shift in critical Reynolds number alone. Rather,
the aerodynamic hierarchy among the tested orientations appears to reflect a coupled
reorganization of subcritical drag, crisis intensity, and post-critical drag, instead of a mere
left–right displacement of a single canonical drag crisis curve. Compared with previous
World Cup match balls, the orientation-dependent post-critical Cd range observed in the
present study indicates that within-ball orientation variability in Trionda is sufficiently
large to influence the deterministic flight predictions under the present fixed-orientation
assumptions. The post-critical Cd values of the present Trionda orientations ranged from
0.201 for B-90 to 0.241 for A-90. Although direct numerical comparison should be made
cautiously because of differences in test conditions, this span of 0.040 is comparable in
magnitude to some reported differences among modern match ball designs [25,26]. Thus,
the present findings suggest that a single representative drag coefficient may obscure not
only the Reynolds number dependence but also orientation-dependent surface topology
effects within the same ball model.

The regime-conditioned differences provide indirect clues regarding the underlying
flow state. A-90 exhibited the highest subcritical Cd among the tested orientations, suggest-
ing that this upstream-facing surface arrangement may be associated with a less favorable
separation state before the drag crisis. In contrast, B-90 showed the largest drag crisis
drop and the lowest supercritical Cd, which is consistent with a stronger transition-related
reorganization of the boundary layer and a post-critical state with reduced pressure drag,
possibly associated with delayed separation and a narrower wake.

A plausible physical interpretation is that different upstream seam and groove ar-
rangements modify the local disturbance environment of the boundary layer, thereby
altering the transition–separation sequence in the critical Reynolds number regime. This
interpretation is consistent with previous soccer ball aerodynamics studies showing that
panel shape, seam geometry, surface texture, and distributed roughness can affect critical
Reynolds number, drag crisis behavior, separation, wake structure, and post-critical drag.
The present study extends this framework from between-ball comparisons to within-ball
orientation dependence by showing that Trionda presents different local seam and groove
arrangements to the incoming flow depending on its fixed orientation. The observed
differences among A-90, B-90, and the other orientations therefore suggest that the relevant
aerodynamic input is not only the global roughness level, but also the spatial distribution
of surface discontinuities relative to the stagnation region and developing boundary layer.

These interpretations should be regarded as force-based mechanistic inferences rather
than direct flow field evidence. Direct verification of the proposed transition–separation
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mechanism would require orientation-resolved flow visualization, surface pressure mea-
surements, or wake field diagnostics.

Despite these mechanistic limitations, the flight simulation results indicate that the
measured orientation-dependent aerodynamic differences are large enough to produce
meaningful differences in predicted trajectory outcomes under the adopted assumptions.
In the two-dimensional simulations, lower drag orientations consistently produced longer
ranges, and the B-90 > A-90 ranking was preserved across representative launch conditions
as well as across the broader parametric analysis. This supports the view that the observed
ranking is not an artifact of a single launch condition, but a stable consequence of the
measured speed-dependent drag data within the present model framework. The increase in
inter-orientation range difference with increasing initial speed and, more moderately, with
increasing launch angle further suggests that orientation sensitivity becomes most relevant
for powerful and relatively steep long-range kicks, for which drag losses accumulate
more strongly.

The altitude results are also physically consistent within the adopted framework.
Reduced air density increased the simulated flight range for all tested orientations, but it
did not reverse the aerodynamic ranking among them. In this sense, altitude altered the
absolute magnitude of drag-induced deceleration more strongly than the relative hierarchy
of the tested orientation conditions. This distinction is useful because it indicates that, at
least in the present deterministic simulations, the orientation-conditioned aerodynamic
ordering remained robust even when the ambient density changed.

The lift- and side-force results provide additional evidence that the aerodynamic
response of the tested ball is orientation-sensitive beyond drag alone, but these quantities
should be interpreted more cautiously. The measured sign changes and biases in Cl
and Cs indicate orientation-related aerodynamic asymmetry, and the exploratory three-
dimensional simulation suggests that such differences may translate into lateral bias under
fixed-orientation assumptions. However, realistic football flight also depends on spin,
spin decay, attitude change, aerodynamic torque, and unsteady wake dynamics, none
of which were included here. The three-dimensional results should therefore be viewed
only as reduced-order indicators of orientation-related lateral bias rather than as realistic
predictions of match play trajectories.

Several limitations constrain the scope of the present findings. Only six representative
fixed orientations and a single ball specimen were tested, and the repeated measurements
per condition were limited. The simulations assumed fixed orientation and neglected spin,
attitude dynamics, environmental disturbances, and uncertainty propagation. In addition,
the regime-conditioned response map introduced here is a discrete orientation-conditioned
summary, not a continuous morphing-parameter response surface. It provides a structured
comparison of the measured drag behavior across representative orientations, but it does
not establish a generalized geometric model linking seam topology directly to aerodynamic
coefficients. Such an extension would require broader orientation sampling, multiple
specimens, denser Reynolds-number-resolved data, and quantitative descriptors of the
upstream-facing surface topology. A principal mechanistic limitation of the present study
is the absence of orientation-resolved flow field measurements. Without particle image
velocimetry, surface oil-film visualization, smoke visualization, surface pressure measure-
ments, or wake surveys for each of the six fixed-orientation conditions, the proposed
mechanisms—such as seam-junction-induced boundary layer tripping, upstream-face
roughness-distribution effects, and orientation-dependent separation behavior—remain
inferential. Direct evidence of the separation-point location, wake width, and boundary
layer state as a function of orientation would be required to verify these interpretations.
Such measurements are therefore identified as an important direction for future work.
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Despite these limitations, the present study provides a useful baseline description
of within-ball aerodynamic variability in Trionda. The main contribution is not to rede-
fine a single representative drag property of the ball, but to show that even within one
specimen, fixed surface orientation can produce distinct and reproducible changes in the
drag crisis structure and, consequently, in predicted trajectory behavior. For this reason,
an orientation-conditioned interpretation appears more appropriate than a single mean
coefficient description when discussing the aerodynamic response of the tested Trionda
specimen under the present non-spinning and fixed-orientation conditions.

5. Conclusions
This study quantified the orientation-dependent aerodynamic response of the tested

Trionda specimen using six reproducible fixed-orientation conditions. All six conditions
exhibited drag crisis behavior, but the transition response magnitude, the subcritical drag
level, and the supercritical drag state differed among orientations. Among the tested
cases, B-90 showed the strongest drag crisis response together with the lowest supercritical
and aggregated full-range mean drag, whereas A-90 showed the highest overall drag
level across regimes. These results indicate that, within the present single-specimen and
fixed-orientation framework, the aerodynamic response of Trionda cannot be represented
adequately by a single mean drag coefficient alone.

Interpreted through a regime-conditioned response map, the present results suggest
that the orientation effect is better understood as a coupled modification of pre-critical
drag, transition response magnitude, and post-critical drag, rather than as a simple shift
in critical Reynolds number alone. In this sense, the aerodynamic hierarchy among the
tested orientations reflects differences in drag crisis structure, not merely differences in one
averaged coefficient. This interpretation is consistent with the simulated flight results, in
which the lower drag orientation B-90 consistently produced longer range than the higher-
drag orientation A-90 across representative launch conditions and across the expanded
parametric analysis at both sea level and 1500 m altitude.

From a mechanistic perspective, the findings are most consistent with an orientation-
dependent modification of the transition–separation sequence in the critical Reynolds
number regime, conditioned by the upstream-facing arrangement of seams and groove
structures. However, because no orientation-resolved flow visualization, surface pres-
sure measurement, or quantitative surface topology characterization was obtained, this
interpretation should be regarded as physically grounded but not directly verified.

Because the study was limited to one specimen, six representative fixed orientations,
and simplified non-spinning simulations, the findings should be interpreted as a baseline
description of within-ball aerodynamic variability rather than as a complete model of
realistic match play flight. The regime-conditioned response map introduced here is
therefore intended as a discrete orientation-conditioned summary, not as a continuous
morphing-parameter response surface. Future work should extend this framework to
multiple specimens, broader orientation coverage, spinning conditions, denser Reynolds-
number-resolved measurements, and quantitative characterization of upstream-facing
surface topology to clarify how local surface arrangement modifies transition, separation,
and the resulting aerodynamic force response.
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