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Abstract

In professional water polo, understanding the effects of ball wettability on game dynamics
is essential but remains insufficiently investigated. This research aims to evaluate how the
surface wettability of various professional water polo balls could influence their behavior
during play. The study employed a combination of laboratory measurements to assess the
wettability of multiple ball brands using the sessile drop method under standardized con-
ditions. FTIR spectroscopy was also performed to characterize the surface chemical com-
position and support the interpretation of wettability differences observed in contact an-
gle measurements. Performance-related parameters, including static contact angle values
and droplet behavior during measurement, were analyzed in relation to surface chemistry
and material composition. Significant variability in wettability was observed across dif-
ferent ball brands. These differences indicate that surface properties may play an im-
portant role in modulating ball-water interaction mechanisms, which are influenced by
Academic Editor: Mark King both chemical composition and surface morphology. Based on these results, we propose
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which currently cover only size, weight, and material composition. This adjustment could
help standardize ball behavior across competitive play, leading to more consistent and

fair conditions. This study extends current knowledge of the physical factors influencing
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sports performance and suggests practical improvements to enhance fairness and quality

in water polo competitions.
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1. Introduction

The study of the interplay between the physical properties of sports equipment and
athletic performance has gained significant attention [1-5], particularly within water
sports [6-8]. In water polo, the ball is a critical element that influences the flow and out-
come of the game [9-14]. Despite the recognized importance of factors such as ball size,
weight, and material composition, the aspect of surface wettability has been compara-
tively overlooked [15-19].

Modern water polo balls are typically manufactured using a waterproof rubber blad-
der covered with layers of synthetic rubber. The outer surface is generally composed of
vulcanized rubber or rubber-based composites engineered to provide adequate grip un-
der wet conditions, high durability, and resistance to water penetration. Surface texture,
roughness, and material composition play a crucial role in determining the interaction
between the ball and water, thereby influencing properties such as friction, handling, grip,
and wettability. Since these surface-related properties directly affect how the ball behaves
during play, differences in material composition and manufacturing processes may lead
to variations in performance. In our previous study, significant differences in surface
structure, contact angle, surface free energy, and player perception were identified among
professional water polo balls produced by different manufacturers. These findings high-
lighted the importance of material-related surface characteristics and suggested that wet-
tability may represent an additional factor influencing ball performance during competi-
tion [20]. Although international regulations define parameters such as ball dimensions,
circumference, and mass, they provide limited guidance regarding surface characteristics.
Consequently, variations in material composition and surface properties among manu-
facturers may result in differences in water absorption, wettability, and ultimately playing
performance.

Lockie et al. investigated throwing velocity in water polo by asking participants to
perform maximal-effort throws [21]. Throwing velocity is influenced by many factors, in-
cluding age, grip strength, leg/back strength, and upper body strength. Ferragut et al.
demonstrated a significant correlation between hand-grip strength and throwing velocity
in a “throwing with the goalkeeper” situation [22]. Furthermore, McCluskey et al. re-
ported that throwing velocity and vertical jumping ability are essential components for
shooting and passing in water polo [23].

Consequently, any increase in ball mass resulting from enhanced water retention due
to greater wettability may influence throwing mechanics, ball control, and passing preci-
sion during a match. José L. Arias investigated the influence of ball mass on shooting ac-
curacy and performance in basketball players. The accuracy and effectiveness of throws
were higher when using a lighter ball, which supports the hypothesis that ball mass in
team sports influences the precision and speed of passes and throws [15]. Ferragut et al.
also emphasized that throwing velocity is an important determinant of success in water
polo because a faster shot provides defenders and goalkeepers with less time to react [8].
In a study conducted by Karisik et al. regarding the influence of ball resin on shot accuracy
in handball, the authors reported that, also in handball, a shot or throw directly affects the
success of the player and the team in terms of the result. For this reason, players and
coaches often consider shooting one of the most important technical elements of the game
and devote substantial training time to its improvement. Karisik et al. concluded that the
use of handball resin improves grip and, as a result, enhances shooting accuracy [17].

Taken together, these findings suggest that any radical changes in terms of grip and
control under wet conditions and weight differences may influence the accuracy and
speed of passes and throws, ultimately affecting match outcomes. This study aims to ad-
dress this gap by examining the wettability of different professional water polo balls and
their potential effect on ball-water interactions [24]. With a foundation in both laboratory
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measurements and spectroscopic analysis, the study tests the hypothesis that surface wet-
tability substantially affects ball performance, potentially necessitating its inclusion in
professional equipment guidelines.

Increased wettability may promote greater water retention on the ball surface, result-
ing in a measurable increase in ball mass during play. Such changes could affect players’
kinesthetic control, which is essential for the precise execution of passing and throwing
actions. Therefore, it can be assumed that differences in wettability between water polo
balls may lead to variations in grip, handling characteristics, and overall throwing perfor-
mance.

Through a comprehensive review of the existing literature and an analysis of current
standards, this work contributes to the broader field of sports science and proposes en-
hancements to the sport of water polo that may support future improvements in water
polo equipment standards, promoting fairer and more predictable gameplay [6,25-28].
The ultimate goal is to enrich the discussion surrounding sports equipment standards and
ensure that they fully encompass the factors affecting player performance and game dy-
namics [29-34]. These considerations are fundamentally linked to material properties,
which are strongly influenced by the materials used in manufacturing, as well as by com-
position, surface morphology, and rheological characteristics.

The novelty of the present study lies in the combined assessment of surface wettabil-
ity, texture-induced anisotropy, and chemical surface characterization of commercially
available professional water polo balls. To the best of our knowledge, this is the first study
demonstrating directional wettability effects associated with groove orientation in water
polo ball surfaces and discussing their potential implications for ball-water interactions.

2. Materials and Methods
2.1. Sample Preparation

The tested surfaces were carefully rinsed with distilled water to remove potential
contaminants, residues from manufacturing, and impurities resulting from handling. No
detergents, solvents, or mechanical cleaning procedures were applied in order to avoid
any modification of the original surface morphology and texture. After rinsing, the sam-
ples were placed in a clean laboratory environment and allowed to air-dry until a constant
mass was achieved. All measurements were performed using samples prepared accord-
ing to the same procedure to minimize the influence of surface contamination and varia-
bility associated with sample preparation.

2.2. Microscopic Photos

The surface morphology of the ball samples was characterized using a Leica DVM6
optical digital microscope (Leica Microsystems, Wetzlar, Germany). The microscope im-
ages were used to visualize surface texture and evaluate potential differences in the sur-
face structure of the tested water polo balls.

2.3. Wettability Measurement

Wettability tests were carried out using the sessile drop method with Attension Theta
Flex (Biolin Scientific Oy, Espoo, Finland). The tests were conducted at room temperature
using distilled water drops with a volume of 2 uL. Wetting angle measurements were
initiated 3 s after the drop was deposited. Each measurement lasted 20 s with a sampling
frequency of 3 Hz. For samples characterized by a highly developed surface in the form
of furrows, wettability tests were carried out in two directions. The contact angle was
measured parallel (LONG) and perpendicular (PERP) to the direction of the furrows. Sam-
ples taken from the balls were attached to glass plates to obtain flat measurement surfaces.
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For individual balls, tests were conducted for each area characterized by different colora-
tion. Before testing, the samples were cleaned with water and air-dried. The measure-
ments were recorded in 5 repetitions per sample.

2.4. FTIR Analysis

The analyses were performed using a Fourier-transform infrared spectroscopy appa-
ratus (Shimadzu IR Tracer-100, Shimadzu Corporation, Kyoto, Japan). Spectra were col-
lected with an ATR (Attenuated Total Reflectance) equipped with a diamond. Measure-
ments were performed using 100 scans and then analyzed using LabSolution IR software
version 1.81.

2.5. Statistical Analysis

All wettability measurements were conducted in five independent repetitions for
each sample and measurement direction. Results are presented as mean values + standard
deviation (SD). The normality of data distribution was verified using the Shapiro-Wilk
test. Differences between groups (ball type, color, and measurement direction) were eval-
uated using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test
for multiple comparisons. Statistical significance was assumed at p < 0.05.

Considering the anisotropic character of several ball surfaces, the influence of groove
orientation (LONG vs. PERP) was additionally analyzed as an independent factor. Due to
the exploratory nature of the study and the limited number of samples, the statistical anal-
ysis was focused on identifying significant differences in contact angle values rather than
establishing predictive models.

3. Results and Discussion

Before conducting the wettability tests, a series of microphotographs of the surfaces
was taken to illustrate variations in ball surface morphology (Figures 1-5). The photo-
graphs showed that, despite the use of different dyes, the texture and structure of each
ball type remained consistent regardless of the color applied.
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Figure 1. Microscopic view of a professional water polo ball surface, emphasizing texture for opti-

mal grip in water for Malmsten ball.
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Figure 2. Microscopic view of a professional water polo ball surface, emphasizing texture for optimal

grip in water for Kap 7 ball.

1mm.
I

Figure 3. Microscopic view of a professional water polo ball surface, emphasizing texture for optimal
grip in water for MIKASA ball.

Figure 4. Microscopic view of a professional water polo ball surface, emphasizing texture for optimal
grip in water for MIKASA Test Ball.

Figure 5. Microscopic view of a professional water polo ball surface, emphasizing texture for opti-

mal grip in water for FINA ball.
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The measured samples exhibited varying wettability depending on surface topogra-
phy, particularly the measurement direction (longitudinal or perpendicular) and color.
The highest hydrophobicity was observed for Malmsten samples, for which the contact
angle ranged from 117.7° to 145.7° (Figure 6a). The wettability of these samples was not
clearly related to either color or measurement direction. Relatively high contact angle val-
ues (approximately 145°) were observed for yellow samples measured in the perpendicu-
lar direction and black samples measured in the longitudinal direction. Lower but com-
parable values (approximately 118°) were recorded for yellow samples measured in the
longitudinal direction and black samples measured in the perpendicular direction. Re-
gardless of the measurement direction, the deposited droplets exhibited only minor
changes in contact angle during the measurement period (Figure 7a).

(a) (b)
Figure 6. Water droplets of the samples: Malmsten (a) and MIKASA (b).

MIKASA Test Ball samples exhibited little surface development, with no visible furrows.
For this reason, directional wettability measurements were not performed. Regardless of
color, the samples exhibited hydrophobic behavior, with contact angle values of approxi-
mately 110°. The deposited droplets maintained a stable shape throughout the measurement.

MIKASA samples showed the greatest variation in contact angle values, which de-
pended on both color and measurement direction. The obtained results indicate a pronounced
directional dependence of wettability. In general, samples measured in the perpendicular di-
rection exhibited hydrophobic behavior (88-114°), whereas those measured in the longitudi-
nal direction were hydrophilic (47-67°) (Figure 6b). The highest wettability was observed for
the pink, blue, and yellow samples, respectively. Regardless of color, the contact angle varied
considerably during the measurement, indicating extensive droplet spreading on the surface
(Figure 7b). The wettability results are summarized in Table 1.

Representative surface images revealed substantial differences in surface topography
among the investigated balls (Figures 1-5). In contrast to the relatively smooth MIKASA Test
Ball surface, the MIKASA samples exhibited pronounced directional surface features, which
may contribute to the observed differences in wettability behavior.

The observed anisotropy suggests that groove orientation significantly influences droplet
spreading and contact line propagation. However, because quantitative geometric parameters
such as groove depth, width, spacing, and surface roughness were not determined, the pre-
sent study cannot establish direct mathematical relationships between groove geometry and
contact angle values. Future studies employing profilometry or AFM measurements should
enable quantitative modelling of the influence of surface architecture on wettability behavior.
KAP 7 samples, characterized by a highly developed surface structure, were available only in
yellow. Similar to the MIKASA, the surface exhibited hydrophilic behavior in the longitudinal
direction (approximately 58°) and hydrophobic behavior in the perpendicular direction (ap-
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proximately 92°). In the longitudinal direction, the deposited droplets showed substantial
changes in shape during the measurement.

FINA samples exhibited relatively uniform wettability behavior across all tested colors.

The recorded contact angle values were ~100.0° for blue, ~99.3° for yellow, and ~86.7° for pink
samples. No directional measurements were performed for these samples. The contact angle
values remained relatively stable during the measurement period, indicating consistent drop-
let behavior on the surface regardless of coloration.
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Figure 7. Evolution of water contact angle as a function of time for representative Malmsten (a) and
MIKASA (b) samples.
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Table 1. Wettability parameters of tested samples. Values are presented as mean contact angle +
standard deviation (SD), n = 5.

Sample Color Direction HZ?)]CA
PERP 104(13)
1
blue LONG 54.3(70)
PERP 114.3(61)
MIKASA i
5 yerow LONG 66.7(31)
N PERP 88.0(54)
P LONG 47.3(17)
blue - 105.7(48)
MIKASA TEST BALL yellow - 111.2(18)
pink - 112.5(33)
Lo PERP 145.7(48)
y
LONG 118.3(40)
ALMSTE
MALMSTEN ok PERP 117.7(45)
LONG 143(11)
PERP 91.7(24)
KAP7 i
yerow LONG 58.0(41)
blue ; 100.0(10)
FINA yellow - 99.30(47)
pink - 86.7(17)

Wettability is influenced not only by surface topography but also by the chemical
composition of the material. Therefore, FTIR analysis was performed to further character-
ize the surfaces of the investigated balls (Figure 8).

O-H C=0 SI-O-SI T

.l FINA yellow

%T Malmsten black

Mikasa test ball blue
Mikasa test ball pink
Mikasa test ball yellow
Mikasa_blue
Mikasa_yellow

rrrr|rrrr[rrrrrrrrrrrr[rrrrrrrr[rrrr[rrr T[T T[T T T T[T T[T

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
cm-1

Figure 8. FTIR spectra with a legend in the upper right corner.
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MIKASA ball spectra (Blue, Yellow) all show strong O-H stretch peaks within 1708-
1726 cm, indicating hydrophilic properties that could enhance water wettability. The
C=0 stretch (1500-1800 cm™) is also prominent, further suggesting hydrophilic character-
istics. The presence of Si-O-Si (1280-1000 cm™) might indicate some level of surface mod-
ification or treatment [35].

KAP?7 spectra show slightly lower absorbance in the O-H and N-H (2800-2997 cm™)
stretch regions compared to MIKASA Test Balls, which might indicate a slightly less hy-
drophilic surface, potentially affecting water drop behavior.

Malmsten (Black and Yellow) spectra peaks around (3572-3581 cm™) are similar to
KAP?, indicating good hydrophilicity. Both exhibit strong O-H stretch peaks, similar to
both MIKASA balls, indicating good wettability. The black variant shows a slightly lower
absorbance in the Si-O-5i stretch, which might suggest differences in surface treatments
affecting hydrophobicity/hydrophilicity balance [35].

FINA (Blue, Pink, Yellow) spectra are similar to MIKASA Test Ball; strong O-H
(1708-1726 cm™) and C=0O stretches are observed, indicating hydrophilic surfaces condu-
cive to good water wettability. The Si-O-5i stretch presence across all MIKASA balls sug-
gests surface treatments that could be tailored for specific water interaction behaviors.

The FTIR spectra indicate the coexistence of chemical functionalities commonly as-
sociated with both hydrophilic and hydrophobic behavior. However, the present results
do not allow quantitative determination of the contribution of individual functional
groups to the measured contact angle values. Therefore, the observed wettability should
be interpreted as the result of combined chemical and topographical effects. The presence
and variation in the Si-O-Si stretch peaks suggest that each brand may use different sili-
con-based treatments to fine-tune the surface characteristics for specific performance
traits, such as grip and water repulsion or absorption [35]. OH Stretch (3200-3600 cm™):
This band indicates hydroxyl groups, typically found in hydrophilic materials. A strong
OH stretch suggests higher water affinity, which can increase surface wettability. The sur-
face’s hydrophilic nature could enhance the ball’s water retention capacity, affecting its
handling when wet. C=0O Stretch (1700-1750 cm™): The bands are characteristic of the pres-
ence of a carbonyl group that is common in various synthetic polymers and coatings,
which may indicate the presence of polyesters or polyurethanes. The polarity of the C=O
group contributes to hydrophilic characteristics, potentially increasing the surface’s wet-
tability. This could imply a surface that interacts more readily with water, impacting the
ball’s behavior in wet conditions. Si-O-5i Stretch (1000-1100 cm™): This signature is indic-
ative of silicone-based treatments or materials, which are often used to modify surface
characteristics like hydrophobicity. Silicone treatments generally enhance hydrophobic
properties, leading to lower wettability. This would mean that the water forms beads on
the surface, potentially decreasing the weight changes during the game and improving
grip under wet conditions.

Overall, the FTIR spectra demonstrated a high degree of similarity between the in-
vestigated balls. The observed differences were mainly associated with relative band in-
tensities rather than the appearance of unique functional groups, suggesting that wetta-
bility differences are likely influenced by both surface chemistry and surface morphology.

The FTIR spectra suggest a mixed character of the ball surface, with both hydrophilic
and hydrophobic elements. Hydrophilic properties (indicated by OH and C=0O stretches)
would tend to increase wettability, potentially making the ball heavier and more challeng-
ing to handle when wet but could improve grip slightly if the surface is not excessively
wet. Hydrophobic properties (indicated by Si-O-Si stretches) would decrease wettability,
helping maintain a consistent ball weight and handling characteristics in wet conditions,
facilitating better control and predictability in play.
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By integrating these insights into the design and selection of materials for water polo
balls, manufacturers can tailor the wettability to achieve desired performance character-
istics. Understanding the balance between hydrophilic and hydrophobic properties on the
ball’s surface could lead to better standards for competitive play, ensuring that the balls
perform consistently regardless of external conditions.

Water polo as a sport is characterized by high dynamics and variability of playing
conditions. A key factor that changes is the condition of the water surface, which is con-
tinuously altered by player activity and, to some extent, by the ball. In order to achieve
the greatest possible repeatability of match conditions, it is crucial to provide a quantita-
tive characterization of the ball used. One of the important but currently insufficiently
characterized parameters appears to be the wettability and topography of the ball surface.
The wettability of the surface has a direct impact on the weight of the ball and the quality
of contact with the player’s hand. Moreover, contact with the water surface during a slid-
ing throw affects the dynamics and, thus, the ball’s flight trajectory and its rotation.

The developed surface of the ball, in particular through the presence of areas with
directed morphology (furrows), may result in high randomness of the ball’s path and its
rotation after contact with water. This is caused by the non-uniform distribution of water
on the surface of the ball.

In the context of the analyzed issues, the most favorable approach for reducing vari-
ability during games seems to be the use of balls with hydrophobic properties and a uni-
form surface. This would ensure that water drains quickly from the surface of the ball,
improving contact with the player’s hand and thus enhancing throw control. In addition,
it would reduce temporary water-induced mass gain while minimizing water splash. In
terms of contact with water during a gliding throw, it should contribute to increasing the
dynamics of the throw while improving the predictability of its trajectory. Nevertheless,
the condition of the water surface must also be considered, as it can significantly affect the
ball’s trajectory. However, we believe that the wettability parameter should be considered
for inclusion in water polo equipment standards.

All balls used in official matches should meet specific wettability standards to ensure
consistent grip and performance in the water. This could involve defining a range of ac-
ceptable contact angles or absorption rates, based on standardized testing procedures.
Regulations should be clearly defined to minimize variations in ball performance during
competition. The authors propose consideration of modifications to existing regulations
regarding surface properties of the ball. It is suggested that future standards may include
a defined range of acceptable contact angles that balls should satisfy, and that competition
organizers ensure compliance of match balls with these criteria.

4. Conclusions

This study’s findings highlight significant variations in the wettability of water polo
balls and their impact on game dynamics, confirming the necessity for including surface
structure parameters in equipment standards. These results are consistent with previous
studies indicating that the physical properties of sports equipment critically influence per-
formance outcomes in water sports [6,8].

To better understand the origin of these differences, FTIR spectroscopy was per-
formed to analyze the surface chemistry of the investigated balls. The results revealed
both similarities and variations in functional group composition; however, no direct quan-
titative relationship between spectral intensity and contact angle values could be estab-
lished within the scope of this study. This suggests that wettability differences cannot be
explained solely by chemical composition. Therefore, the observed wettability behavior is
likely governed by the combined effects of chemical composition, surface roughness,
groove orientation, and texture anisotropy rather than by a single chemical parameter.
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It should be noted that the present study does not allow complete separation of the
effects originating from surface chemistry and those resulting from surface morphology.
Since detailed information regarding coating formulation, pigment composition, and
coating thickness is not available for commercial products, the measured differences
should be interpreted as the combined effect of multiple surface-related factors. In partic-
ular, the differences observed between measurements performed parallel and perpendic-
ular to groove orientation indicate that surface texture anisotropy plays a significant role
in determining wettability.

The observed variations in wettability among different brands could explain incon-
sistencies in ball performance during matches, a factor that can substantially affect the
fairness and predictability of game outcomes. This aligns with findings from Arias [16],
who noted that even minor modifications in ball mass due to wetness could significantly
alter the dynamics of ball trajectory and speed, impacting game results. Furthermore, the
impact of surface wettability on grip and control under wet conditions, as observed in this
study, corroborates with Ferragut et al. [22], who demonstrated that grip strength is cru-
cial for optimal throwing velocity in water polo. The enhanced grip during wet conditions
could mitigate the challenges posed by increased ball mass, as suggested by the hydro-
phobicity measurements of different ball samples, which showed a direct correlation with
performance stability. Our proposition to incorporate wettability standards into official
equipment guidelines is supported by research from Schneider et al. [18], who empha-
sized the role of equipment standardization in reducing performance variability and en-
hancing fairness in sports competitions.

The most important finding of this study is the demonstration that wettability is not
solely a material-dependent property but is also strongly influenced by surface architec-
ture and groove orientation. Significant anisotropy of contact angle values was observed
for several commercially available balls, indicating that surface texture may play an im-
portant role in determining ball-water interactions.

In summary, this study not only sheds light on the underexplored aspect of ball wet-
tability in water polo but also suggests practical changes to equipment regulations to en-
hance sport fairness and performance consistency. These findings contribute to the
broader discourse on the necessity of adapting sports equipment standards to encompass
a wider range of physical properties, as supported by Karisik et al. in their study on hand-
ball [17].

Several limitations should be acknowledged. First, quantitative roughness parame-
ters were not determined using profilometry or atomic force microscopy. Second, only
static contact angle measurements were performed, whereas dynamic parameters such as
contact angle hysteresis and water adhesion may also influence ball performance during
competition. Third, the study focused on commercially available products and did not
include detailed reverse engineering of polymer formulations. Consequently, the present
results should be regarded as a comparative assessment of wettability characteristics ra-
ther than a complete mechanistic analysis of all factors affecting water polo ball perfor-
mance. Another limitation of the present study is the lack of surface free energy determi-
nation. Since only water was used as the probe liquid, quantitative calculation of surface
free energy components was not possible. Future investigations should include measure-
ments using multiple liquids with different polar and dispersive characteristics to enable
surface free energy determination and to establish quantitative relationships between sur-
face energy and wettability behavior.
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