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Featured Application


Wind-tunnel tests and trajectory analyses of Trionda, the 2026 World Cup ball, are compared with previous World Cup balls.




Abstract


Wind-tunnel experiments were conducted on Trionda, the official match ball of the 2026 FIFA World Cup. Aerodynamic force coefficients derived from these measurements were incorporated into numerical trajectory simulations of kicked balls. The resulting aerodynamic characteristics and simulated flight behavior were compared with those of the four previous World Cup match balls: Al Rihla (2022), Telstar 18 (2018), Brazuca (2014), and Jabulani (2010). Relative to its predecessors, Trionda exhibits a drag crisis at lower flow speeds, consistent with an apparently rougher surface. Although its turbulent-regime drag coefficient is more stable than those of earlier designs, its magnitude is modestly larger. Trajectory simulations therefore indicate the potential for small but perceptible reductions in range for long kicks. This study therefore provides the first aerodynamic characterization of the 2026 FIFA World Cup match ball (Trionda) and places its drag-crisis behavior and flight characteristics in direct quantitative comparison with those of recent World Cup balls examined under identical experimental conditions.
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1. Introduction


Although Adidas has manufactured World Cup soccer balls since 1970, it was not until the 2006 World Cup in Germany that the match ball departed from the traditional 20-hexagon and 12-pentagon construction. The Teamgeist ball used in that tournament consisted of 14 smooth, thermally bonded panels. Beginning with the eight-panel Jabulani ball introduced at the 2010 World Cup, subsequent World Cup balls incorporated deliberate surface texturing so that reductions in panel number did not produce excessive surface smoothness. The six-panel Brazuca ball used in Brazil for the 2014 World Cup and the six-panel Telstar 18 ball used in Russia for the 2018 World Cup continued this design philosophy. The 20-panel Al Rihla ball used in Qatar had polyurethane skin and “is the first FIFA World Cup ball to be made exclusively with water-based inks and glues” [1]. Despite the increase in panel number compared to its immediate predecessors, Al Rihla required engineered texture because panel sizes were not uniform; eight of the panels were comparatively small, producing a nonuniform seam distribution and localized roughness variations.



This progression in panel topology and surface engineering has culminated in the introduction of the 2026 World Cup match ball, Trionda, unveiled as the Official Match Ball of the FIFA World Cup 26TM [2]. Trionda represents the next stage in the aerodynamic evolution of thermally bonded, textured-panel designs. Although visually distinct from Al Rihla, its aerodynamic performance is governed by how seam geometry, panel topology, and surface micro-texturing promote boundary-layer instability and modify separation behavior. Initial inspection suggests an increase in effective roughness, implying an earlier laminar-to-turbulent transition in the boundary layer. Such a shift would alter the critical Reynolds number and potentially modify both the onset of the drag crisis and the magnitude of the post-critical drag coefficient. Quantifying these effects is a primary objective of the present study.



For bluff spherical bodies such as soccer balls, aerodynamic behavior is dominated by the drag-crisis phenomenon. As the Reynolds number increases, the laminar boundary layer separating from the rear of the ball undergoes a transition to turbulence. Turbulent boundary layers exhibit enhanced near-surface momentum, delaying separation relative to laminar boundary layers. The resulting wake contraction produces a precipitous reduction in the drag coefficient at a characteristic critical speed [3]. The Reynolds number corresponding to this transition defines the critical Reynolds number. If the surface is too smooth, transition is delayed, laminar separation persists to higher Reynolds numbers, and the drag crisis occurs at speeds that may fall within play-relevant speed ranges. Beyond the crisis, the boundary layer remains turbulent, and the drag coefficient increases only modestly with increasing speed as a result of gradual wake broadening. The critical speed of Jabulani occurred within the mid-range of speeds typical of free kicks and corner kicks, representing a design flaw [4].



Surface roughness may be manipulated not only through panel texturing, but also through seam geometry. The width of the seam, the depth of the seam, and the total length of the seam all influence the receptivity of the boundary layer and the amplification of instabilities that trigger the transition. Because the total length of the seam depends on the geometry of the panel, modern panel construction is effectively a topological design problem in which geometric constraints determine the characteristics of the aerodynamic roughness. Because grooves and seams act together as distributed roughness elements, their individual aerodynamic contributions cannot easily be isolated; rather, the effective roughness arises from their combined geometric influence on boundary-layer receptivity and transition. Despite having two fewer panels than Jabulani, Brazuca possessed a total seam length 68% greater than that of Jabulani [4]. This increase enhanced distributed roughness, promoted earlier transition, and shifted its drag-crisis behavior toward lower Reynolds numbers. More recent controlled studies using 3D-printed soccer balls with a systematically varied surface geometry have confirmed that increasing effective roughness reduces the critical Reynolds number and provides quantitative relationships between surface parameters and drag-crisis behavior [5,6].



Wind-tunnel experiments and surface measurements presented here for Trionda are new, although this research group has previously conducted similar investigations on its predecessors [7,8]. The aerodynamic coefficients obtained from the wind-tunnel measurements were then used to generate numerical trajectory simulations in a range of launch speeds relevant to soccer. These simulations provide a controlled framework for isolating how differences in surface topology influence flight behavior.



The global popularity of soccer has generated extensive literature on ball aerodynamics. A review article published more than a decade ago cataloged numerous investigations from the late twentieth and early twenty-first centuries and summarized how aerodynamic forces govern soccer-ball trajectories [9]. An earlier foundational review of sports-ball aerodynamics summarized the governing aerodynamic mechanisms influencing ball flight across several sports [10]. Subsequent experimental studies using wind tunnels and flow visualization have examined how panel topology, seam geometry, and surface texture influence boundary-layer transition and wake development around soccer balls. Foundational wind-tunnel measurements by Asai et al. [11] demonstrated how panel geometry influences drag and lateral force fluctuations, and systematic aerodynamic measurements by Alam et al. [12,13,14] compared several modern match balls and quantified their drag-crisis behavior. Additional experimental measurements of modern soccer balls have been reported in the literature, providing aerodynamic comparisons between different panel designs and surface geometries [15].



Trajectory-based analyses have been developed to connect measured aerodynamic coefficients with observed ball flight, including the modeling studies of Myers and Mitchell [16] and Choppin [17]. Numerical simulations of soccer-ball aerodynamics have been used to investigate the mechanisms responsible for irregular or erratic ball motion [18]. Experimental techniques for determining aerodynamic coefficients of spherical objects have been developed using instrumented measurement systems [19]. Investigations of rotational aerodynamics have further clarified the role of the Magnus effect for spinning soccer balls at high Reynolds numbers [20]. Flow-visualization experiments using particle-image velocimetry have provided additional insight into the wake structure and separation behavior behind modern soccer balls [21]. Complementary numerical investigations have examined the unsteady aerodynamic forces responsible for erratic soccer-ball trajectories using computational fluid dynamics and trajectory simulations [18,22,23].



More recent studies have extended these investigations by examining how panel configuration and distributed surface roughness influence the drag crisis and aerodynamic forces. Wind-tunnel and numerical analyses have explored how panel number, seam geometry, and surface features affect the transition from laminar to turbulent boundary layers on soccer balls [24,25]. Additional computational and visualization studies have investigated the detailed flow structures surrounding sports balls and their influence on aerodynamic performance [26,27]. Numerical simulations and design-oriented analyses have examined aerodynamic considerations for soccer-ball construction and trajectory prediction [28,29]. Wind-tunnel measurements combined with trajectory simulations have been used to compare the aerodynamic performance of modern soccer-ball designs and to evaluate their influence on free-kick and long-pass trajectories [15]. Complementary theoretical treatments have applied boundary-layer theory and dimensional analysis to interpret the aerodynamic forces acting on soccer balls in flight [30]. A broader perspective on the physics of soccer-ball aerodynamics and its relationship to the game itself has been discussed in a recent overview article [31]. In particular, these studies emphasize that seam geometry and distributed surface features act as roughness elements that perturb the developing boundary layer, thereby promoting earlier transition to turbulence and modifying the drag crisis and wake structure.



Beyond sports-ball applications, extensive research on bluff-body aerodynamics has examined how surface roughness alters boundary-layer transition, separation behavior, and wake dynamics. Classic and modern studies of bluff bodies have demonstrated that distributed roughness elements can promote earlier transition and modify aerodynamic force coefficients [3,32,33,34,35,36]. Experimental and numerical investigations have further shown how roughness influences separation bubbles, asymmetric wakes, and aerodynamic loading on bluff bodies under a wide range of flow conditions [37,38,39,40]. Similar phenomena have been observed for bluff bodies in environmental flows, engineering applications, and energy-harvesting systems interacting with turbulent wakes [41,42,43,44,45,46,47,48]. These investigations collectively reinforce the central role of surface roughness and geometric perturbations in governing drag-crisis behavior and wake dynamics across bluff-body flows, and they are closely related to the aerodynamic mechanisms responsible for erratic flight in low-spin sports balls [23].



Previous wind-tunnel investigations of World Cup match balls have systematically examined how panel topology and seam geometry influence aerodynamic coefficients and ball trajectories. Comparative measurements of the Jabulani and Brazuca balls [49] and subsequent analyses of Telstar 18 and Al Rihla [8] showed that variations in seam length, seam depth, and panel arrangement can shift the critical Reynolds number and modify the post-critical drag regime. Additional experimental and computational studies have explored how surface texture and seam geometry influence soccer-ball aerodynamics and trajectory behavior [50,51,52,53,54,55]. The present work extends these earlier investigations by combining high-resolution seam geometry measurements with wind-tunnel aerodynamic characterization to examine how the surface architecture of the 2026 World Cup match ball, Trionda, influences drag-crisis behavior and flight characteristics relative to its predecessors.




2. Experimental Methods


Wind-tunnel experiments and surface measurements are described in the following two subsections.



2.1. Wind-Tunnel Experiments


Wind-tunnel experiments were conducted at the University of Tsukuba in Japan. The facility is capable of producing wind speeds up to 55 m/s; however, tests on soccer balls were performed over the range   7   m / s ≤ v ≤ 35   m / s   (  16   mph ≤ v ≤ 78   mph  ), with speed increments of approximately 1 m/s. This interval corresponds to ball speeds commonly encountered in soccer. The wind tunnel had a cross-sectional area of   1.5   m × 1.5   m  , so a 0.22 m diameter soccer ball blocked only about 1.7% of that area. The distribution of wind speeds was ±0.5% and the turbulence intensity was less than 0.1%.



For testing, the soccer balls were mounted on a stainless-steel support rod. Positioning the rod downstream reduces its influence on boundary-layer separation [56]. Although effective for wind-tunnel measurements, this mounting method permanently alters the ball and prevents testing in additional orientations. Given a cost of approximately $170 (US) per ball, only a limited number of orientations could be examined before budget constraints became restrictive. Figure 1 shows the Trionda ball attached to the support rod prior to testing. Figure 2 provides a close-up of the mounting system, which features a bowl-shaped grooved support designed to minimize ball deformation during testing.



The forces on the soccer balls were measured using a six-component sting-type balance (LMC-6522; Nissho Electric Works Co., Ltd., Tokyo, Japan). Force data were recorded at 1000 Hz and for 1 s intervals. The aerodynamic force exerted by the air was decomposed into three orthogonal components. The force acting opposite the wind direction was defined as the drag force of magnitude   F D  . The associated drag coefficient,   C D  , was extracted from [57]


   F D  =   1 2     ρ   A    C D     v 2    ,  



(1)




where   A = 0.038    m 2    is the cross-sectional area of the soccer ball, and   ρ = 1.2   kg /  m 3    is the mass density of air. The side force, with magnitude   F S  , acted in the horizontal direction and had an associated side coefficient   C S  , extracted from [57]


   F S  =   1 2     ρ   A    C S     v 2    .  



(2)




The lift force, with magnitude   F L  , acted in the vertical direction and had a corresponding lift coefficient,   C L  , obtained from [57]


   F L  =   1 2     ρ   A    C L     v 2    .  



(3)







The balls were not spun during the wind-tunnel testing, which implies that an infinite number of orientations is theoretically possible. Two orientations were selected for Trionda, as shown in Figure 3 and Figure 4. These orientations presented distinctly different surface profiles for the incoming flow. All measurements were conducted within the temperature range   2.50  –  18.9   ° C   and within the relative humidity range   36.7  –  47.0 %  . A wind tunnel is an indoor closed-circuit facility. The indoor temperature increases gradually during experiments due to the sustained air movement within a confined laboratory space. For each ball tested, the temperature increase was approximately   1   ° C   to   3   ° C  .



The Reynolds number is defined as   Re = v D / ν   [57], where   D = 0.22   m   is the ball diameter, and  ν  is the kinematic viscosity of air. Over the experimental temperature range of   2.5  –  18.9   ° C  ,  ν  varied by approximately 10% [57], which produced only modest changes in Reynolds number and did not alter the qualitative conclusions of this study. Reynolds numbers reported in this work were computed using   ν = 1.55 ×  10  − 5      m 2  / s  , corresponding to   25   ° C  , which is representative of typical outdoor match conditions. Given the speed range used in wind-tunnel testing, the corresponding Reynolds-number interval was approximately    10 5  < Re < 5 ×  10 5   .



Both   C S   and   C L   would be zero if a non-spinning ball in a wind tunnel experienced perfectly symmetric boundary-layer development and separation about the wake centerline. In practice, the World Cup soccer balls examined in this study were not geometrically symmetric, and precise mounting on the support rod could not guarantee symmetry relative to the oncoming flow. Small geometric asymmetries alter the location of the boundary-layer transition and unevenly shift the separation point around the rear stagnation region. This asymmetric separation produces an uneven pressure distribution across the wake, resulting in lateral pressure gradients that generate nonzero side and lift forces, even in the absence of spin. Rotating a ball   90 ∘   about an axis passing through the support rod would be expected to alter the relative magnitudes of   C S   and   C L  , although exact interchange is not guaranteed due to geometric and mounting asymmetries. Knuckle-ball effects arise from non-spinning to low-spin balls, where unsteady transition and wake switching produce time-dependent lateral forces and have been investigated for soccer balls [58,59], baseballs [60], and knuckleball aerodynamics in baseball pitches driven by unsteady wake dynamics [22,23,61].




2.2. Surface Measurement Techniques


Surface measurements were performed using the established methodology of this research group [62]. The joint length of the panel was measured with a curvimeter (Concurve 10; Koizumi Sokki Mfg Co., Ltd., Tokyo, Japan), whereas the width and height of the seam were measured using a high-speed two-dimensional laser scanner (LJ-V7000, Keyence Corp., Osaka, Japan). The measurement accuracy for seam width and height was improved by first coating the soccer balls with clay and then scanning the resulting clay imprint, producing a clearer geometric profile for analysis. A schematic of the measurement procedure is shown in Figure 5.



Because soccer-ball seams are rounded rather than sharply defined, measuring seam width involves some ambiguity in determining where along the curved profile the seam boundary should be defined. Similarly, for a spherical surface, the identification of a reference line from which the seam height is measured is not uniquely prescribed because the surrounding surface does not provide a well-defined planar baseline.




2.3. Trajectory Analyses


The trajectory of soccer balls in flight may be determined computationally once the aerodynamic coefficients have been measured. Given speed-dependent drag, side, and lift coefficients, the equations of motion may be numerically integrated to obtain the full three-dimensional trajectory of a kicked ball. Such simulations provide quantitative predictions of post-impact motion and enable controlled comparisons between different ball designs under identical initial conditions. These comparisons make it possible to determine whether a newly introduced World Cup soccer ball exhibits flight behavior consistent with that to which players have become accustomed. Trajectory-based approaches have been widely used in sports-ball aerodynamics to infer or validate aerodynamic coefficients from measured flight paths [10].



Alternative approaches have used computational fluid dynamics to directly resolve the flow around a soccer ball and predict the resulting aerodynamic forces and trajectories. Numerical simulations of this type have been applied to investigate unsteady wake behavior and erratic flight characteristics of modern soccer balls [18,22]. Although such approaches provide detailed flow-field information, the present study instead employed experimentally measured aerodynamic coefficients as inputs to the trajectory equations.



The computer simulations assumed that the balls were in orientation A or B as shown in Figure 3 and Figure 4 and that each ball maintained its assigned orientation throughout flight. The initial launch speed,   v 0  , was varied throughout the range   15   m / s ≤  v 0  ≤ 35   m / s  , ensuring that the aerodynamic coefficients were available across the entire speed range encountered during flight. At each time step, the instantaneous speed determined the corresponding values of   C D  ,   C S  , and   C L   used in evaluating the aerodynamic forces.



The general setup for the simulations was as follows. The simulated soccer ball was launched with an initial speed   v 0   at an angle   25 ∘   relative to the horizontal. A launch angle of   25 ∘   was chosen as a representative value typical of long passes and free kicks; although different launch angles would alter the absolute trajectory range, they do not change the comparative aerodynamic trends observed between the balls examined here. Ball masses were measured experimentally and used directly in the equations of motion. During flight, a ball experiences aerodynamic forces and the gravitational force due to Earth. The buoyant force, which is approximately 1.5% of the ball’s weight, was neglected. Including buoyancy altered the computed ranges by less than 1% and did not affect the qualitative conclusions of this study.



The trajectory model was formulated as an initial-value problem for the translational motion of a rigid ball treated as a point mass. The aerodynamic force model was not obtained from a flow-field computation (i.e., no Navier–Stokes or boundary-layer equations were solved); rather, the drag, side, and lift forces were evaluated from the experimentally measured aerodynamic coefficients as functions of speed. The governing equations were therefore ordinary differential equations for    r →   ( t )    with specified initial position and launch velocity, constant gravitational acceleration, and the measured aerodynamic inputs. Additional forces such as added-mass (virtual mass) effects are negligible for a soccer ball in air and were therefore not included in the trajectory model.



Equations (1)–(3) define the three components of the aerodynamic force acting on the ball. Newton’s second law then gives


  m       d 2   r →   ( t )    d  t 2     =   F →  D  +   F →  S  +   F →  L  + m    g →    ,  



(4)




where the drag force,    F →  D  , acts opposite the instantaneous velocity vector; the side force,    F →  S  , is perpendicular to the velocity and parallel to the ground; the lift force,    F →  L  , is perpendicular to both    F →  D   and    F →  S   and lies in the plane formed by the weight and velocity of the ball; and   g →   is the acceleration due to gravity, directed downward with magnitude   g = 9.8   m /  s 2   .



Full details of how Equation (4) is decomposed into Cartesian components and formulated for numerical integration have been published previously [63]. Coupled second-order differential equations were integrated using a fourth-order Runge–Kutta algorithm [64], which provided more than sufficient accuracy and stability for the speed and time scales considered here. Although simulations were performed using a single launch angle, additional test runs confirmed that the qualitative conclusions reported later were not sensitive to reasonable variations in launch angle.





3. Results


The following three subsections contain results from wind-tunnel experiments, surface measurements, and trajectory analyses.



3.1. Wind-Tunnel Results and Discussion


The two non-spin orientations shown in Figure 3 and Figure 4 produced aerodynamic coefficients that differed only modestly between orientations for each ball. It should be emphasized that the A and B orientations assigned to each ball are internal labels only. The A orientation for Trionda does not correspond geometrically to the A orientation for Al Rihla, Telstar 18, Brazuca, or Jabulani. For each ball, two distinct non-spinning orientations were selected and labeled A and B, but those labels are not intended to represent common seam alignment or panel positioning across different ball designs. The assignments could have been interchanged without altering any of the conclusions drawn from the comparative analyses. The similarity of the A and B results is consistent with the measured aerodynamic behavior not being dominated by a single orientation-specific feature. Although most kicked soccer balls possess appreciable spin, and even so-called knuckleballs exhibit some residual rotation, the non-spinning results presented here provide a controlled baseline for comparing the intrinsic aerodynamic behavior of the five World Cup balls.



Figure 6 and Figure 7 show the measurements of the wind-tunnel drag coefficient as functions of speed for orientations A and B, respectively. The critical speed,   v c  , reported in Table 1 was determined directly from the discrete drag-coefficient measurements shown in Figure 6 and Figure 7. Specifically,   v c   was defined as the experimental wind speed at which the minimum time-averaged drag coefficient occurred in the drag-crisis region. Because measurements were conducted at approximately 1 m/s increments, the reported   v c   values correspond to the tested wind-speed setting at which the minimum mean   C D   was observed rather than to a value obtained from a fitted or interpolated curve. No spline or other higher-order curve fitting was applied in determining   v c  . Each plotted data point represents the mean of force measurements acquired at 1000 Hz over a 1 s interval, and the error bars shown in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 indicate ± one standard deviation. The increased scatter observed near the drag crisis therefore reflects the intrinsic unsteadiness of the transition region rather than numerical smoothing or curve-fitting artifacts. For both orientations, Trionda exhibits the smallest critical speed among the five balls, with    v c  = 11.9   m/s in each orientation (Table 1). The three most recent predecessors (Al Rihla, Telstar 18, and Brazuca) have critical speeds in the 14–18 m/s range, whereas Jabulani remains a clear outlier, with critical speeds of 21.9 m/s and 26.9 m/s in orientations A and B, respectively.



The drag coefficients at the critical speeds of Trionda, Al Rihla, Telstar 18, and Brazuca lie in a relatively narrow range (   C D  ≈ 0.15  –0.17), whereas Jabulani reaches substantially lower critical values (   C D  ≈ 0.11  –0.12). The elevated critical speeds for Jabulani are evident in Figure 6 and Figure 7, where its drag crisis occurs within the upper portion of the soccer-relevant speed range. A Jabulani ball kicked at approximately 25 m/s would therefore pass through the crisis region during deceleration, experiencing a rapid increase in drag coefficient and a corresponding increase in drag force relative to the other balls in that speed interval. Only at speeds well above its critical speed does Jabulani exhibit smaller drag coefficients than its successors. Table 1 summarizes the critical speeds, corresponding critical Reynolds numbers, and drag coefficients at crisis for all balls and both orientations.



The side coefficients for the five balls in orientations A and B are shown in Figure 8 and Figure 9, respectively. Below the critical speed,   C S   exhibits increased scatter and larger fluctuations. Above the critical speed, the magnitude and variability of   C S   generally decrease. Among the balls tested, Al Rihla in orientation A at higher speeds shows the smallest sustained magnitude of   C S   in this data set.



Figure 10 and Figure 11 present the results of the lift coefficient for orientations A and B. The greatest variability in   C L   occurs near or below the critical speed, whereas above the critical speed the magnitudes are generally smaller and less erratic. At higher speeds, all balls exhibit small but nonzero lift coefficients in both orientations.




3.2. Surface Measurement Results


The results of the surface measurements are given in Table 2. The laser-scanning system provided reliable measurements of seam width and seam depth but was not capable of resolving the smallest surface protrusions and indentations associated with fine panel texturing. Such micro-texturing nevertheless plays an aerodynamic role by modifying the receptivity of the boundary layer to disturbances that promote laminar-to-turbulent transition. Modern World Cup soccer balls are therefore engineered so that reductions in panel number do not produce excessive effective smoothness and unintended shifts in drag-crisis behavior. Maintaining comparable effective roughness across successive tournament balls helps ensure that aerodynamic characteristics remain within the range to which players are accustomed.



In addition to seam geometry, Trionda has three pronounced grooves on each panel surface. For a representative groove, the widest region exhibited a width of 9.04 mm and a depth of 1.29 mm, the intermediate region a width of 6.08 mm and a depth of 0.85 mm, and the narrowest region a width of 3.26 mm and a depth of 0.48 mm. These groove dimensions are comparable in magnitude to the seam depths listed in Table 2, indicating that they likely function as additional roughness elements capable of locally perturbing the developing boundary layer. Because such features are distributed over each panel surface, they contribute to the overall effective roughness beyond what is captured by total seam length alone.



Comparison of Table 1 and Table 2 suggests a consistent qualitative relationship between seam geometry and critical speed. Jabulani, which has the narrowest seams (2.2 mm), the shallowest seams (0.5 mm), and the shortest total seam length (1.98 m), exhibits the largest critical speeds in both orientations. In contrast, balls with larger seam widths and depths generally display lower critical speeds. Increased seam width and depth introduce larger geometric perturbations relative to the thickness of the boundary layer, thereby enhancing disturbance growth and promoting earlier transition to a turbulent boundary layer. The earlier transition shifts the drag crisis to lower Reynolds numbers, consistent with the trends observed in Table 1. This qualitative relationship has previously been reported [52].



The present data set does not allow isolation of seam width, seam depth, or total seam length as a single controlling parameter. For example, Telstar 18 possesses the longest total seam length (4.32 m) but relatively narrow seams (3.3 mm), whereas Al Rihla has shorter total seam length (3.52 m) but wider (5.8 mm) and deeper (1.6 mm) seams. Despite these geometric differences, their critical speeds fall within a similar range. This comparison suggests that effective roughness is determined by the combined amplitude and spatial distribution of surface features rather than by any one geometric metric alone.



Panel texture further complicates direct geometric correlations. Although fine-scale texturing dimensions were not fully resolved by the measurement system, qualitative inspection indicates that Brazuca’s surface texturing exhibits greater protrusion height than that of Telstar 18. Brazuca compensates for its shorter total seam length (3.32 m compared to 4.32 m for Telstar 18) through moderately wider and deeper seams and enhanced panel texture, resulting in comparable critical speeds for the two balls. The collective evidence therefore indicates that drag-crisis location is governed by the integrated effective roughness produced by seams and panel texturing acting together. Trionda’s relatively wide and deep seams, combined with its panel grooves, are consistent with its lower measured critical speed relative to its predecessors.




3.3. No-Spin Simulated Trajectories


To obtain the values of the aerodynamic coefficients between the measured data points in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11, linear interpolation was used. The piecewise-linear curves shown in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 therefore represent the actual speed-dependent coefficients used in the trajectory simulations. Simulated trajectories were computed using the mean measured values of the aerodynamic coefficients. Incorporating the variance in the coefficients does not alter the qualitative ordering of the trajectory results, although it would increase visual clutter in the plots that follow.



Figure 12 and Figure 13 show the horizontal range as a function of the launch speed for the A and B orientations, respectively. In orientation A (Figure 12), Jabulani produces the largest ranges at high launch speeds, consistent with its comparatively small post-critical drag coefficient in that orientation (see Figure 6). The separation between Jabulani and the other balls increases with launch speed, reflecting the cumulative effect of a reduced drag on longer flight times. Trionda produces consistently shorter ranges than its four predecessors in this orientation, which is consistent with its slightly larger turbulent-regime drag coefficient.



In orientation B (Figure 13), Jabulani does not exhibit the same dominant high-speed range despite its small post-critical drag coefficients. Because its drag crisis in orientation B occurs at a higher speed (Table 1), launches in the intermediate speed range pass through the crisis region during flight, resulting in increased drag relative to the other balls. As a result, Al Rihla produces the longest high-speed ranges in orientation B, with Brazuca and Telstar 18 following closely behind. Trionda again yields shorter ranges than its predecessors for most of the speeds tested.



Figure 14 and Figure 15 show the launch-speed-dependent lateral deflection as a percentage of the horizontal range for the A and B orientations, respectively. Because the simulations were performed with zero spin, lateral deflection arises solely from non-zero side coefficients. The percentage sign reflects the chosen orientation, and rotating a ball   180 ∘   about the support axis would reverse the sign without altering the trends in absolute value.



In orientation A (Figure 14), Trionda exhibits an increasingly negative lateral deflection with launch speed, reaching approximately   − 12 %   at the highest speed tested. Jabulani displays large positive deflections at lower speeds, approaching   + 9 %  , before decreasing toward small negative values at higher speeds. Al Rihla maintains small positive deflections over most of the range. Brazuca and Telstar 18 show modest variations that remain closer to zero at moderate-to-high speeds.



In orientation B (Figure 15), Telstar 18 exhibits positive deflections approaching   + 7 %   at moderate speeds before decreasing to negative values at higher speeds. Al Rihla shows a transition from positive deflection at lower speeds to approximately   − 7 %   at the highest speed tested. Trionda and Brazuca exhibit moderate negative deflections at high speeds, while Jabulani shows a sign reversal near the upper end of the tested interval. These orientation-dependent variations demonstrate that relatively small differences in side coefficient can produce measurable lateral deviations under low-spin conditions.



Figure 16 and Figure 17 show the percentage change in the horizontal range when the lift coefficient was set to zero for the A and B orientations, respectively. These plots isolate the contribution of lift to the total range for non-spinning balls.



In orientation A (Figure 16), Al Rihla exhibits signed range differences that approach   − 13 %   at intermediate speeds when the lift is removed, consistent with the behavior of   C L   in Figure 10. Trionda shows signed range differences of roughly   − 10 %   at moderate-to-high speeds. Brazuca and Telstar 18 show smaller changes that generally remain within about   ± 5 %  . Jabulani displays a sign change in the range difference, reflecting the speed-dependent sign variation in its lift coefficient.



In orientation B (Figure 17), Jabulani exhibits the highest sensitivity to lift removal, with signed range differences approaching   − 20 %   near 23–24 m/s. Al Rihla shows increasing positive range differences at higher speeds, whereas Trionda maintains signed reductions near   − 12 %   over much of the tested interval. Telstar 18 and Brazuca again display a comparatively modest sensitivity.



It should be emphasized that all trajectory simulations presented here assume zero spin. In match play, most long kicks possess backspin, which generates additional lift through the Magnus effect and increases time aloft. The presence of spin would therefore modify horizontal ranges relative to the non-spinning cases examined here. The present results isolate differences in intrinsic non-rotating aerodynamic behavior. Incorporation of spin could alter the quantitative ordering of ranges, particularly for balls with modest differences in post-critical drag.





4. Conclusions


This study compared the aerodynamic and surface properties of five recent World Cup soccer balls: Jabulani (2010), Brazuca (2014), Telstar 18 (2018), Al Rihla (2022), and Trionda (2026). Wind-tunnel measurements of drag, side and lift coefficients were combined with surface-geometry measurements to examine how seam width, seam depth, total seam length, and panel texture influence boundary-layer transition and drag-crisis behavior.



The measurements confirmed a consistent qualitative relationship between the seam geometry and the critical speed. Balls possessing wider and deeper seams exhibited lower critical speeds, consistent with earlier transition of the boundary layer. Jabulani, which has the narrowest and shallowest seams as well as the shortest total seam length, exhibited the largest critical speeds in both tested orientations. In contrast, Trionda, Al Rihla, Telstar 18, and Brazuca exhibited substantially lower critical speeds, despite differing panel counts and seam distributions. The results demonstrate that no single geometric parameter uniquely governs drag-crisis location. Rather, effective roughness arises from the combined influence of seam dimensions, seam distribution, panel geometry, and surface texture.



Trionda exhibited the smallest measured critical speed among the five balls in both tested orientations. However, its post-critical drag coefficients were slightly larger than those of Brazuca, Telstar 18, and Al Rihla. Although Trionda transitioned earlier, its turbulent-regime drag was modestly larger. This combination suggests that long, high-speed kicks may experience slightly reduced range relative to some of their immediate predecessors in the absence of spin.



Trajectory simulations of non-spinning kicks provide a controlled assessment of how these aerodynamic differences translate into ballistic performance. In orientation A, Jabulani produced the longest ranges at high speeds due to its comparatively small post-critical drag coefficient. In orientation B, Al Rihla produced the longest ranges at high speeds because the Jabulani drag crisis occurred at too large a speed in that orientation. Trionda produced slightly shorter ranges than its predecessors across most of the tested speed range, consistent with its somewhat larger turbulent-regime drag.



Simulated lateral deflections and lift-induced range changes demonstrated that modest orientation-dependent asymmetries in side and lift coefficients could produce measurable deviations for balls with little or no spin. In certain orientations, predicted lateral or lift-induced range changes approached 10–20% at specific launch speeds. These results do not imply that large deflections will routinely occur in match play because most well-struck balls possess rotation. Rather, the simulations isolate the intrinsic non-rotating aerodynamic behavior and illustrate the potential sensitivity of low-spin trajectories to small differences in aerodynamic coefficients.



Several limitations of the present methodology should also be noted. The wind-tunnel measurements were conducted under controlled conditions with a stationary (non-spinning) ball so that the aerodynamic effects of seam geometry and surface texture could be isolated. In realistic play, soccer balls typically experience rotation and variable environmental conditions, both of which can influence aerodynamic forces and trajectory behavior. Consequently, the results presented here should be interpreted as a baseline characterization of the intrinsic non-rotating aerodynamics of the tested balls rather than as a complete representation of match conditions.



It is important to emphasize once again that all trajectory analyses presented here assumed zero spin. In realistic play, backspin generates Magnus lift that increases time aloft and can partially offset drag-induced range reductions. Incorporating controlled spin rates into wind-tunnel testing and trajectory modeling would provide a more complete picture of match-relevant behavior.



Future work should therefore extend the present measurements to spinning balls and should develop improved quantitative techniques for characterizing panel texturing and distributed surface roughness. A more refined description of effective roughness would permit stronger correlations between surface geometry and boundary-layer transition. The present results provide quantitative evidence that careful manipulation of seam geometry and panel design allows successive World Cup balls to maintain broadly comparable aerodynamic behavior.
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Figure 1. Trionda soccer ball mounted on stainless-steel rod in preparation for wind-tunnel experiment. 
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Figure 2. Close-up image of mount used with ball and steel rod during wind-tunnel testing. 
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Figure 3. Orientation A for Trionda, just prior to testing in the wind tunnel. 
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Figure 4. Orientation B for Trionda, just prior to testing in the wind tunnel. 






Figure 4. Orientation B for Trionda, just prior to testing in the wind tunnel.
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Figure 5. Schematic of the measuring procedure for determining a soccer ball’s seam width and height. 
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Figure 6. Wind-tunnel drag-coefficient results for Trionda in the A orientation. Data points show average values of the measurements; error bars show ± one standard deviation. Straight lines are drawn between data points to aid the eye. Also shown are drag-coefficient data for Trionda’s four predecessors [8]. Error bars for older data are kept off to reduce clutter. 
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Figure 7. Wind-tunnel drag-coefficient results for Trionda in the B orientation. Data points show average values of the measurements; error bars show ± one standard deviation. Straight lines are drawn between data points to aid the eye. Also shown are drag-coefficient data for Trionda’s four predecessors [8]. Error bars for older data are kept off to reduce clutter. 






Figure 7. Wind-tunnel drag-coefficient results for Trionda in the B orientation. Data points show average values of the measurements; error bars show ± one standard deviation. Straight lines are drawn between data points to aid the eye. Also shown are drag-coefficient data for Trionda’s four predecessors [8]. Error bars for older data are kept off to reduce clutter.



[image: Applsci 16 02808 g007]







[image: Applsci 16 02808 g008] 





Figure 8. Wind-tunnel side-coefficient results for Trionda in the A orientation. Data points show average values of the measurements; error bars show ± one standard deviation. Straight lines are drawn between data points to aid the eye. Also shown are side-coefficient data for Trionda’s four predecessors [8]. Error bars for older data are kept off to reduce clutter. 
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Figure 9. Wind-tunnel side-coefficient results for Trionda in the B orientation. Data points show average values of the measurements; error bars show ± one standard deviation. Straight lines are drawn between data points to aid the eye. Also shown are side-coefficient data for Trionda’s four predecessors [8]. Error bars for older data are kept off to reduce clutter. 
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Figure 10. Wind-tunnel lift-coefficient results for Trionda in the A orientation. Data points show average values of the measurements; error bars show ± one standard deviation. Straight lines are drawn between data points to aid the eye. Also shown are lift-coefficient data for Trionda’s four predecessors [8]. Error bars for older data are kept off to reduce clutter. 
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Figure 11. Wind-tunnel lift-coefficient results for Trionda in the B orientation. Data points show average values of the measurements; error bars show ± one standard deviation. Straight lines are drawn between data points to aid the eye. Also shown are lift-coefficient data for Trionda’s four predecessors [8]. Error bars for older data are kept off to reduce clutter. 
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Figure 12. Trajectory predictions for non-spinning Trionda’s horizontal range as a function of launch speed in the A orientation. The launch angle was    θ 0  =  25 ∘   . Similar curves for Trionda’s four predecessors are also shown [8]. Symbols are not data; they help distinguish the curves. 
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Figure 13. Trajectory predictions for non-spinning Trionda’s horizontal range as a function of launch speed in the B orientation. The launch angle was    θ 0  =  25 ∘   . Similar curves for Trionda’s four predecessors are also shown [8]. Symbols are not data; they help distinguish the curves. 
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Figure 14. Trajectory predictions for lateral deflection as a percentage of horizontal range for non-spinning Trionda in the A orientation. The launch angle was    θ 0  =  25 ∘   . Similar curves for Trionda’s four predecessors are also shown [8]. Symbols are not data; they help distinguish the curves. 
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Figure 15. Trajectory predictions for lateral deflection as a percentage of horizontal range for non-spinning Trionda in the B orientation. The launch angle was    θ 0  =  25 ∘   . Similar curves for Trionda’s four predecessors are also shown [8]. Symbols are not data; they help distinguish the curves. 
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Figure 16. Trajectory predictions for the percent change in horizontal range when the lift coefficient was set to zero for non-spinning Trionda in the A orientation. The launch angle was    θ 0  =  25 ∘   . Similar curves for Trionda’s four predecessors are also shown [8]. Symbols are not data; they help distinguish the curves. 
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Figure 17. Trajectory predictions for the percent change in horizontal range when the lift coefficient was set to zero for non-spinning Trionda in the B orientation. The launch angle was    θ 0  =  25 ∘   . Similar curves for Trionda’s four predecessors are also shown [8]. Symbols are not data; they help distinguish the curves. 
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Table 1. Drag coefficient at critical speed for World Cup soccer balls.
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	Ball (Orientation)
	    v c    
	     Re c  ×  10  − 5      
	     C D   (  Re c  )     





	Trionda (A)
	11.9 m/s
	1.79
	0.169



	Trionda (B)
	11.9 m/s
	1.79
	0.172



	Al Rihla (A)
	15.8 m/s
	2.38
	0.166



	Al Rihla (B)
	13.9 m/s
	2.07
	0.170



	Telstar 18 (A)
	16.8 m/s
	2.49
	0.166



	Telstar 18 (B)
	17.9 m/s
	2.69
	0.157



	Brazuca (A)
	15.8 m/s
	2.37
	0.156



	Brazuca (B)
	15.0 m/s
	2.23
	0.148



	Jabulani (A)
	21.9 m/s
	3.30
	0.107



	Jabulani (B)
	26.9 m/s
	4.00
	0.124










 





Table 2. Physical properties of World Cup soccer balls.
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	Ball
	Mass
	Panel Number
	Total Seam Length
	Seam Width
	Seam Depth





	Trionda
	431 g
	4
	2.50 m
	5.1 mm
	1.3 mm



	Al Rihla
	428 g
	20
	3.52 m
	5.8 mm
	1.6 mm



	Telstar 18
	430 g
	6
	4.32 m
	3.3 mm
	1.1 mm



	Brazuca
	430 g
	6
	3.32 m
	4.0 mm
	1.4 mm



	Jabulani
	438 g
	8
	1.98 m
	2.2 mm
	0.5 mm
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