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Abstract

This study characterizes the dynamic Coefficient f Restitution (e) and the Kinetic Friction Coefficient (i) across three distinct
footwear upper materials-textured (PMC-T), hybrid (PMC-H), and smooth (PMC-S)-interfacing with three match ball
casings exhibiting variable topography and damping characteristics (BC-G, BC-D, and BC-E). The results indicate that
impact dynamics are predominantly influenced by the ball casing formulation; specifically, the low-hysteresis BC-E casing
paired with the PMC-S upper yielded the highest global restitution (e = 0.805). Conversely, tribological performance was
found to be governed primarily by surface topography and environmental moisture. The macro-textured PMC-T coupled

with the micro-grooved BC-G casing demonstrated optimal frictional performance ( #4, yeu ¥0.66; 4y e =0.61), a phenomenon
attributed to enhanced mechanical interlocking mechanisms. The introduction of an aqueous medium facilitated micro-
hydroplaning, resulting in a systematic degradation of performance across all interfaces, with relative friction reductions
ranging from 27.6% to 33.3%. Ultimately, these mechanical metrics were contextualized within a tactical performance
framework, suggesting that while smooth, low-damping pairings maximize normal kinetic energy transmission for long-
range striking, high-friction, textured interfaces optimize tangential force transmission, thereby enhancing control and spin
generation in wet-weather conditions.

Introduction

The tribological interaction between a football boot’s upper material and the ball’s surface plays a vital role in
determining ball behavior, spin rate, and launch velocity during passing and shooting [1,2]. Modern football footwear
relies extensively on engineered polymers and surface textures designed to optimize the dynamic coefficient of friction [3].
Early studies characterized these materials as isotropic elastomeric surfaces, assuming friction to be constant [4]. However,
contemporary sports engineering has established that the boot-to-ball interaction involves a highly nonlinear viscoelastic
response, governed by both adhesion and mechanical hysteresis [5]. The frictional properties of the shoe upper directly dictate
the efficiency of energy transfer and tactile control, balancing the trade-off between energy conservation and directional
accuracy via spin generation [6]. A critical challenge in sports tribology is the dramatic variance in frictional performance
caused by ambient moisture [6]. Under dry conditions, contact mechanics are dominated by interfacial adhesion at the
microscopic asperities of the polymer surfaces [7]. When water is introduced, it acts as a lubricant, forming a boundary-layer
film that reduces adhesion [8]. At the onset of high-speed impact (0-5 ms), a phenomenon known as micro-aquaplaning
occurs, in which the fluid film cannot escape rapidly enough, creating a hydrodynamic lubrication regime that drastically
reduces friction [9]. To mitigate this, advanced outsoles and uppers employ micro-grooves or hydrophobic texturing
designed to channel fluid away from the contact zone, encouraging a transition to boundary or mixed lubrication by 15
ms where rubber-like asperities can establish mechanical interlocking [10]. Consequently, evaluating the transient friction
profile under alternating environmental matrices is essential to mapping real-world game performance [11]. According
to classical friction theories, the coefficient of friction is independent of the normal load. However, elastomeric polymers
deviate significantly from Amontons’ laws due to structural compliance [12]. As the normal force (Fn) escalates-such as
during structural loading or when a player adds downward compression-the actual area of contact expands non-linearly
[13]. Initially, an increase in normal load promotes deeper mechanical penetration of texturized features (such as rubber
dimples or sticky knit textures) into the football’s outer casing, thereby increasing p [14]. Yet, beyond a critical threshold,
the asperities become fully flattened or saturated, leading to a localized drop in the apparent coefficient of friction as the
adhesion-to-load ratio stabilizes [15]. Tracking this transient contact phenomenon millisecond by millisecond provides
fundamental insight into the loading phase (compression), peak engagement (maximum contact area), and the subsequent
unloading phase as the ball departs the upper [16,17].

Experimental Procedure

To minimize variability due to wear, competition-grade football match balls and matching elite boots were sourced
from three different material formulations (BC-G, BC-D, BC-E; PMC-T, PMC-H, PMC-S, respectively, as illustrated in
(Table 1). Boot upper materials (texturized synthetic, Flyknit/TPU hybrid, or thin composite laminates) were cut to size and
bonded (cyanoacrylate) to a rigid aluminum substrate to ensure a planar contact geometry, while match balls were either left
intact and pressurized to 0.80+0.02bar under controlled laboratory conditions (20£1 °C and 53+4% Relative Humidity (RH))
for rebound testing, or sectioned and flattened analogously for subsequent tribological testing. The normal Coefficient of
Restitution (e) was measured using a vertically oriented drop-mass impactrig. An inflated ball was held in a rigid steel fixture,
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and a 5.0 kg carriage containing the boot specimen was dropped from a nominal height
of 1.00 m by an electromagnetic latch. Velocities before and after impact (»-=,) and
the associated drop/rebound heights (72i» /) were measured synchronously via a high-
speed imaging system (5000 fps) and a linear optical encoder, enabling the calculation
of $e$ through the kinematic equivalence:

e=Ls ,/h,“l
v

To ensure statistical reliability, more than 10 repetitions per ball-boot combination
were performed, with a 120 s interval maintained between repetitions to minimize
the effects of viscoelastic pre-conditioning. The kinetic friction coefficients (y) were
measured using a computer-controlled linear tribometer designed to simulate ball-on-
flat sliding interactions. Flattened ball-casing specimens were attached to a horizontal
translation stage, and the boot-mounted plate was engaged using a vertically actuated
loading arm equipped with a dual-axis piezoelectric load cell with a resolution of
+0.0IN. To evaluate the steady-state dynamic friction behavior over an extended
contact timeline, the linear tribometer was operated in a reciprocating mode with a
stroke length of 100 mm at a constant sliding velocity of 0.1 m/s. Each test run lasted 25
seconds (equivalent to 12.5 full cycles). The reported continuous friction coefficient ()
profile is a filtered moving average of the absolute friction force across multiple cycles,
eliminating directional switching artifacts. The (p) value was computed by sampling
tangential friction forces (F,) at 1000 Hz under dry conditions at a constant normal
load (F)) of 50 N, using the following equation:

H=F[F,(2)

Table 1: Materials and structural classification of the testing interfaces.

Interface . Base Material Topographical
Academic Code .. & Structural
Component Composition .
Characteristics
PMC-T Thermoset Engineered macro-
(Polymer Matrix Polyurethane (PU) textural features
Boot 1 . . . . .
Composite - with elastic TPU and micro-drainage
Textured) overlays. channels.
PMC-H Multi-layered \2)5;:)6(1)2::
(Polymer Matrix Knitted Polyester X P X
Boot 2 . . architecture with
Composite - (Flyknit)/TPU <hallow micro-
Hybrid) hybrid laminate.
grooves.
PMC-
CS X Highly cross-linked Planar, smooth
(Polymer Matrix ;i surface geometry
Boot 3 . thin polyurethane .
Composite - . relying on boundary
formulation. .
Smooth) adhesion.
BC-G (Ball Thermally bonded Outer micro-
. . Polyurethane (PU) groove topography
Ball Casing 1 Casing - X s .
outer shell with with intermediate
Grooved) . .
dense backing. elastomeric layers.
ngh-dz.ampu'lg Shallow micro-
BC-D (Ball polymeric casing .
. . . . textured surface with
Ball Casing 2 Casing - laminate with . .
) a high hysteretic loss
Damping) a butyl rubber Al
bladder profe.
Low-hysteresis CIZ:::;:;IZI;IK
. BC-E (Ball synthetic P
Ball Casing 3 . . . outer morphology
Casing - Elastic) elastic core and R k
with low internal
polyurethane film. .
damping.

Results and Discussions

Rebound performance characteristics

The Coefficient of Restitution (e) was quantified for all ball-boot permutations
to evaluate energy restitution efficiency. (Table 2) presents the complete matrix of
measured e values, organized by boot upper formulation (PMC-T, PMC-H, PMC-S)
and ball casing variant (BC-G, BC-D, BC-E), as shown in (Figure 1).

Table 2: Measured coefficients of restitution (e) for all ball-boot combinations.

Boot
BC-G BC-D BC-E @
Variant
PMC-T 0.775 0.77 0.785 0.777 £ 0.008
PMC-H 0.762 0.758 0.772 0.764 + 0.007
PMC-S 0.794 0.788 0.805 0.796 + 0.009
Global
[ 0.777£0.016 | 0.772+0.015 | 0.787+0.017
€=0.779+0.013

There was a significant main effect of boot formulation (p<0.001) and ball casing
(p=0.003) on restitution performance, with no significant interaction effect (p=0.12),
as determined by a two-way ANOVA (a=0.05). For all ball substrates, the PMC-S boot
configuration always had the highest e-values with a maximum of e=0.805 for the
BC-E ball and a minimum of e=0.788 for the BC-D ball. On the other hand, the PMC-H
boot dissipated the most energy, and the homogenous PMC-H/BC-D combination
had the minimum global evalue (0.758). The ball casing BC-E exhibited the highest
mean restitution (e "=0.787+0.017) independent of boot interface. In contrast, BC-D
exhibited the highest energy absorption (e "=0.772+0.015). This demonstrates the
dominant effect of ball casing formulation on global impact dynamics.
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Figure 1: Rebound performance characteristics (coefficient of restitution, e) across
various ball-boot interface configurations.

Tribological performance and friction analysis

Friction and Tribological Characterization. (Figure 2) presents the transient
friction profiles of the three different material combinations during a continuous
25-second test. All investigated configurations show a structurally consistent,
nonlinear parabolic friction trajectory with a fast initial run-in phase, a distinct
peak of the coefficient of friction (u) between 16 and 17 seconds, and a subsequent
steady decrease. The PMC-T/BC-G coupling (Boot 1/Ball Casing 1) exhibited the best
overall frictional response over the test period with a maximum coeflicient of friction
of approximately u=0.66. The good frictional performance is primarily attributed to
the synergistic effect of mechanical interlocking between the designed macro-textural
features of the textured polymer matrix composite (PMC-T) and the micro-groove
topography of the thermally bonded outer shell (BC-G). The hybrid system, PMC-H/
BC-D (Boot 2/Ball Casing 2), on the other hand, exhibited an intermediate friction
profile, with a peak at u=~0.61. This behavior is a manifestation of a balance between
the viscoelastic hysteretic losses inherent to the high-damping butyl rubber/laminate
architecture and the reduced mechanical engagement of the shallow micro-grooves.
The lowest frictional resistance was always observed for the combination PMC-S/BC-E
(Boot 3/Ball Casing 3), with a maximum p=of 0.57. The lack of substantial macro- or
micro-texturing on the smooth, planar polyurethane formulation (PMC-S) and the
low-hysteresis elastic casing (BC-E) precludes mechanical interlocking, limiting the
interface to boundary adhesion and resulting in a significantly lower overall friction
coefficient.
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Figure 2: Transient friction profiles (coefficient of friction, y) of the evaluated boot

upper and ball casing interfaces over a continuous 25-second testing timeline.

Figure 3: Comparison of dry and wet friction coefficients (u) for various Polymer
Matrix Composites (PMC-T) and different ball casing series variations.
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Interfacial friction behavior under dry and wet conditions

The kinetic friction coefficients (p) for cross-material and homogenous pairings
were measured under dry and wet conditions (Tables 3 & 4). All configurations
experienced a systematic decrease in yt upon the introduction of an aqueous phase with
absolute drops (A) of 0.16-0.18 and relative performance losses of 27.6-33.3%.

Table 3: Friction coefficients for cross-material interfaces.

Interface (Boot/Ball) u dry W Ay % Loss
PMC-T/BC-G 0.61 0.44 0.17 27.9
PMC-H/BC-D 0.58 0.42 0.16 27.6
PMC-S/BC-E 0.55 0.37 0.18 32.7

The tribological performance of the investigated Polymer Matrix Composites
(PMCs) varied significantly depending on both the matrix formulation and the testing
environment. Across all three composite series (PMC-T, PMC-H, and PMC-S), a
consistent trend emerged: the coefficient of friction (u) was significantly lower under
wet conditions than under dry conditions, driven primarily by the lubricating effect
of the fluid film. As illustrated in (Figure 3), the PMC-T series exhibited its highest
frictional resistance during dry sliding across the various ball casing variations.
For example, the PMC-T variant paired with casing ‘G’ reached a peak dry p of
approximately 0.61, which decreased to roughly 0.44 under wet sliding. A similar
environmental dependency was observed in the PMC-H series (Figure 4). Here, the
maximum dry p reached approximately 0.58 (with casing variant ‘E’), while the wet
environment reduced this value to a steady 0.42. The PMC-S series (Figure 5) exhibited
a slightly modified friction profile. It consistently recorded the lowest overall wet p
values in the study (= 0.34-0.37).

However, its dry friction profile peaked differently, reaching a maximum dry p
of 0.55 when paired with the ‘D’ casing configuration. A direct comparison across all
three series and casing configurations is presented in (Figure 6). The data confirms that
the PMC-T configuration generally produces the highest overall friction coefficients in
both environments, whereas the PMC-S configuration effectively minimizes friction,
particularly during wet sliding. Ultimately, these findings demonstrate that targeted
matrix modifications and specific ball casing pairings can successfully modulate the
material’s shear resistance and the stability of the interfacial lubricating film.
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Figure 4: Comparison of dry and wet friction coefficients (p) for the PMC-H
polymer matrix composite paired with various ball casing series variants.
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Figure 5: Comparative analysis of dry and wet friction coeflicients (p) for the
PMC-S polymer matrix composite series across different ball casing configurations.
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Figure 6: Comparative analysis of dry and wet friction coefficients (p) across
the three investigated Polymer Matrix Composite (PMC) series and their
corresponding ball casing configurations.

Performance implications and tactical translation

The measured differences in e and p are directly translated into measurable
differences in ball-handling dynamics on the pitch (Table 4). The best combination
for long-range striking is the PMC-S/BC-E, with the greatest energy return (e=0.805),
but it also requires the greatest technical precision to receive the ball softly due to its
smaller At. The PMC-T/BC-G configuration, with the highest friction coefficients
(u_"dry”=0.61, p_"wet”=0.44), optimizes tangential force transmission for spin-heavy
techniques while retaining wet-weather grip through effective drainage. The PMC-H/
BC-D system, on the other hand, focuses on energy absorption (e=0.758) to allow for
close-control dribbling at the expense of peak launch velocity.

Table 4: Mechanical performance metrics and tactical applicability of homogenous
pairings.

Pairing | Dominant Attribute Op flm?l Kinematic Trade-off
Application
Long- At;
PMC-S | Ultra-high ¢(0.805); oneTrange _ Reduced At
. R striking; explosive diminished cushioning
/ BC-E minimal hysteresis
clearances tolerance
High-spi I d rotational
PMC-T | Elevated p (0.61 dry; gnshin nereased rotiona
. trajectories; wet- resistance during rapid
/ BC-G 0.44 wet); drainage
weather control release
i Close-quarters Lower exit velocity;
PMC-H (lzrll?irsfj_dcizlzgiii dribbling; high- greater muscular
/BC-D - frequency short demand for distal
deformation .
passing passes
Conclusion

This study presents a comprehensive tribological and mechanical characterization
of the boot-ball interface in association football, establishing that the interfacial
mechanical response is highly sensitive to material formulation, surface topography,
and environmental constraints. The investigation demonstrates that impact and
friction dynamics operate through distinct mechanical pathways: normal energy
restitution (e) is predominantly governed by the viscoelastic and damping properties of
the ball casing, whereas tangential friction coefficients () are significantly influenced
by the structural configuration and micro-textural drainage characteristics of the boot
upper. The experimental data provide several fundamental implications for sports

engineering and equipment design. Regarding topographical synergy, mechanical
interlocking between macro-textured uppers (PMC-T) and micro-grooved casings
(BC-G) produces optimal frictional performance (& % 0.686), which is critical for
facilitating high-spin ball trajectories. In terms of environmental susceptibility,
the presence of ambient moisture establishes a boundary lubrication regime that
compromises interfacial adhesion, resulting in an absolute reduction in friction () of
up to 0.18 and a relative performance decrement of up to 33.3% across smooth or high-
damping material formulations. Finally, regarding tactical optimization, the measured
mechanical profiles directly correlate with on-field performance, highlighting distinct
functional trade-offs. Specifically, high-restitution pairings (PMC-S/BC-E, e=0.805)
maximize kinetic energy transfer for high-velocity ball projection at the expense of
tactile control, whereas high-damping pairings (PMC-H/BC-D) enhance proximal
ball retention and close-quarters maneuverability.
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