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Three-dimensional shoulder mobility correlates with swimming
speed in sub-elite adolescent athletes: a cross-sectional

biomechanical analysis
La movilidad tridimensional del hombro se correlaciona con la velocidad de natacion en
atletas adolescentes sub-élite: un andlisis biomecdnico transversal
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Abstract

Introduction: Shoulder mobility is crucial for swimming performance, especially in freestyle strokes.
However, there's limited evidence linking 3D shoulder mobility and in-water velocity in young swim-
mers.

Objective: To examine the relationship between sub-elite adolescent swimmers' 200-meter freestyle
swimming speed and their three-dimensional shoulder mobility.

Methodology: Sixteen sub-elite swimmers (mean age = 14.94 + 1.81 years) participated in a cross-
sectional correlational study. The VALD HumanTrak™ markerless motion-capture system was used
to measure shoulder mobility, recording bilateral flexion, extension, abduction, adduction, and rota-
tional ranges. A 200-meter freestyle maximal effort trial was used to measure swimming velocity,
stroke frequency, and stroke length. Spearman's rank coefficients (p < 0.05) were used for correla-
tion analysis.

Results: Swimming speed was found to have strong and significant positive correlations with the
flexion-extension range of motion (r = 0.905), right-side adduction (r = 0.981), and the total abduc-
tion-adduction range (r = 0.981). In contrast, metrics of left-side mobility demonstrated weaker or
non-significant correlations. These performance trends were further supported by stroke kinemat-
ics, which displayed a negative correlation with stroke frequency (r = -0.843) and a positive correla-
tion with stroke length (r = 0.830).

Discussion: These findings highlight the biomechanical importance of dominant-limb shoulder mo-
bility in enhancing swimming propulsion. Bilateral asymmetry may reflect functional adaptations ra-
ther than impairments.

Conclusions: Swimming speed is significantly influenced by shoulder mobility, especially on the dom-
inant side, which can be effectively utilized in training planning and identifying potential talent.
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Resumen

Introducciéon: La movilidad del hombro es crucial para el rendimiento en natacion, especialmente en
estilo libre. Sin embargo, existe evidencia limitada que vincule la movilidad tridimensional del hom-
bro con la velocidad en el agua en nadadores jovenes.

Objetivo: Examinar la relacion entre la velocidad de natacion estilo libre de 200 metros de nadadores
adolescentes sub-élite y su movilidad tridimensional del hombro.

Metodologia: Dieciséis nadadores sub-élite (edad media = 14,94 + 1,81 afios) participaron en un es-
tudio correlacional transversal. Se utilizo el sistema de captura de movimiento sin marcadores VALD
HumanTrak™ para medir la movilidad del hombro, registrando la flexién, extension, abduccién, aduc-
cién y rangos de rotacion bilaterales. Se realiz6 una prueba de esfuerzo maximo de 200 metros libre
para medir la velocidad de nado, la frecuenciay la longitud de la brazada. Se utilizaron los coeficientes
de rango de Spearman (p < 0,05) para el analisis de correlacion.

Resultados: Se observé una correlacion positiva fuerte y significativa entre la velocidad de nataciéon
y el rango de movimiento de flexién-extensién (r = 0,905), la aduccién derecha (r = 0,981) y el rango
total de abduccién-aduccion (r = 0,981). Por el contrario, las métricas de movilidad izquierda mos-
traron correlaciones mas débiles o no significativas. Estas tendencias de rendimiento se vieron res-
paldadas por la cinemaética de la brazada, que mostré una correlacién negativa con la frecuencia de
la brazada (r = -0,843) y una correlacién positiva con la longitud de la brazada (r = 0,830).
Discusioén: Estos hallazgos resaltan la importancia biomecanica de la movilidad del hombro de la ex-
tremidad dominante para mejorar la propulsién al nadar. La asimetria bilateral podria reflejar adap-
taciones funcionales en lugar de deficiencias.

Conclusiones: La velocidad de natacién esta significativamente influenciada por la movilidad del
hombro, especialmente en el lado dominante, que se puede utilizar de manera efectiva en la planifi-
cacion del entrenamiento y la identificacion de talentos potenciales.

Palabras clave

Movilidad del hombro, velocidad de natacién, biomecanica, HumanTrak, andlisis de movimiento.
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Introduction
___________________________________________________________________________________________________________________________|
Current epidemiological data indicate that swimming-related injuries, particularly to the shoulder, per-
sist as one of the most common musculoskeletal issues in aquatic sports. Recent systematic reviews
suggest that 40% to 70% of competitive swimmers experience shoulder pain or functional limitations
during a season (Raffini et al.,, 2024; Davis et al., 2023). This condition, often referred to as swimmer's
shoulder, is primarily caused by repetitive overhead motions, excessive internal rotation, and scapular
dyskinesis (Ekin, 2023). The cumulative load from thousands of stroke cycles each week causes micro-
trauma, changes in how the scapula works, and less stability in the glenohumeral joint (Drigny et al.,
2020). Adolescents and sub-elite swimmers are especially vulnerable due to incomplete musculoskele-
tal maturation and unbalanced strength development (Yoma et al., 2023). Preventive and rehabilitative
strategies have thus emphasized the value of assessing shoulder mobility and symmetry as potential
indicators of injury risk (Rezaei et al., 2025; Raffini et al., 2024). Although there has been considerable
research on prevention, there is a paucity of studies examining how shoulder mobility influences both
injury incidence and swimming performance directly.

Swimming relies heavily on coordinated shoulder movements across all stroke styles, including
freestyle, backstroke, and butterfly, which each demand extensive overhead ranges of motion. Among
these, the freestyle stroke most frequently exposes the shoulder joint to repetitive load and extreme
rotation, making it the primary model for biomechanical analysis. The glenohumeral joint experiences
significant strain when swimmers engage in thousands of arm cycles regularly. To optimize stroke len-
gth and propulsion while maintaining stability, complex three-dimensional shoulder motions, such as
flexion, extension, abduction/adduction, and rotation are essential. However, due to these demands,
swimmers are particularly susceptible to shoulder injuries; according to Raffini et al. (2024), between
23 and 38 percent of swimmers sustain shoulder injuries each year. Although these movements enhance
sport-specific performance, overuse and adaptive changes (like tight posterior capsules and altered sca-
pular kinematics) can hinder normal joint biomechanics (Raffini et al., 2024). To maximize stroke me-
chanics and minimize injury risk, it is believed that competitive swimmers must maintain balanced
shoulder mobility (Raffini et al., 2024).

The relationship between shoulder function and swimming performance, particularly in young people,
has recently been quantified. Muscular strength, power, and body composition have been found to be
powerful predictors of race speed in systematic reviews of young swimmers (Price et al., 2024). Price et
al. (2024) discovered a moderate to strong correlation between adolescent swimmers' 100- and 400-
meter freestyle times and upper-limb strength measurements, such as isometric internal and external
rotator torque. Shoulder adaptations in young swimmers have also been reported by kinematic and cli-
nical studies: high-intensity training sessions tend to acutely reduce shoulder external-rotation range
of motion, especially on the dominant side of less experienced athletes (Yoma et al., 2023). On the other
hand, swimmers with postural problems have been demonstrated to benefit from focused corrective
exercise regimens that enhance glenohumeral range of motion and improve shoulder posture(Rezaei et
al,, 2025). A few recent studies, however, have directly connected three-dimensional shoulder range of
motion to in-water velocity in young athletes (Fiori et al., 2022; Morais et al., 2022; Du’ & Yanaiz, 2016),
instead, the majority of research has concentrated on the effects of training or injuries rather than per-
formance itself (Raffini et al., 2024; Yoma et al,, 2023; Rezaei et al., 2025).

In order to close this gap, the current study examines the relationship between sub-elite teenage swim-
mers' 200-meter freestyle speed and their three-dimensional shoulder mobility. During routine mobi-
lity tests, we will measure active shoulder range of motion and combined joint angles, and we will com-
pare these measurements to the recorded 200-meter swim speed. Our analysis is unique in that it re-
cords shoulder kinematics using the VALD HumanTrak™ markerless motion-capture system. Human-
Trak is a useful tool for field-based screening since it has been proven to accurately measure shoulder
joint angles (such as flexion and abduction) without the use of markers (McCarthy et al., 2023). We also
look atlimb dominance: swimmers frequently show side-to-side variations. Yoma et al. (2023) observed
that university-level swimmers' dominant shoulders had greater external-rotation torque losses after
swimming (Yoma et al., 2023). We can identify asymmetries that could affect stroke mechanics or point
to unequal training adaptations by contrasting dominant and non-dominant shoulder mobility.
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The overall goal of this research is to determine whether increased shoulder mobility is a predictor of
faster swim speeds and how asymmetries affect this relationship. Coaches and sport scientists could use
these findings as a screening and training metric if 3D shoulder range of motion is associated with per-
formance. Youth swimming performance is known to be multifactorial, influenced by physiology as well
as anthropometric and biomechanical factors (Bobadilla, 2025; Price et al., 2024). Experts stress the
importance of early technical and physical attribute evaluation in talent-identification contexts (Morais
etal.,, 2021). We add upper-limb joint mobility to this equation using sophisticated markerless 3D mo-
tion analysis. We can identify promising young swimmers and guide individualized training (such as
flexibility or stabilization exercises) by identifying mobility metrics that correlate with freestyle velo-
city. The findings of this study also have potential applications in talent identification and training opti-
mization, as previous research has emphasized that biomechanical parameters such as joint mobility,
stroke kinematics, and range of motion are key indicators of technical efficiency and performance po-
tential in young swimmers (Morais et al., 2021; Zemkova & Hamar, 2018). By understanding how three-
dimensional shoulder mobility relates to swimming speed, coaches can better identify promising athle-
tes and design individualized programs that enhance performance capacity. All things considered, mea-
suring shoulder mobility in three dimensions provides a fresh biomechanical understanding that could
help identify young swimmers' talents, direct training regimens, and predict performance.

Method
|

Study Design

This study employed a cross-sectional correlational design to investigate the association between three-
dimensional shoulder mobility and 200-meter freestyle swimming performance among sub-elite ado-
lescent athletes. All participants completed standardized shoulder range-of-motion assessments using
the VALD HumanTrak™ markerless motion-capture system, followed by a maximal swimming trial. The
design allowed for the examination of biomechanical determinants of swimming speed under controlled
and ecologically valid field conditions.

Participants

This study used a cross-sectional design to examine the relationship between young swimmers' shoul-
der mobility and swimming speed. Sixteen sub-elite swimmers (N = 16) participated in the 2023-2024
National Sub-Elite Swimmer Training Program training at the Sports Talent Development Centre, Uni-
versitas Negeri Surabaya. Athletes aged 12 to 18 made up 60% of the sample, with 40% being girls. A
complete sample included all swimmers from the centralised programme actively involved in their trai-
ning and competition schedules. Inclusion criteria included regular training participation, no musculos-
keletal injuries in the previous three months, and willingness to provide informed consent. All minors
had their parents' or guardians' consent.

Procedure

Prior to testing, each athlete completed a standard warm-up. Subsequently, shoulder mobility tests were
conducted in a predetermined order. During every test, participants maintained a neutral, upright
posture. Each subject held the highest position for one to two seconds while the measurement was being
recorded. The three movement tests included: (1) Shoulder internal/external rotation: athletes stood
erect and rotated their forearms as far inward (internal rotation) and outward (external rotation) as
possible, while keeping their elbows flexed at 90 degrees and their shoulders abducted at 90 degrees.
Standard goniometric protocols for internal/external rotation align with this position (Ab Malik et al,,
2025). (2) Shoulder flexion/extension: athletes raised their arms as far forward and backward as they
could in the sagittal plane, starting from a neutral position with their elbows extended. (3) Shoulder
abduction/adduction: athletes raised their arms laterally (abduction) and then crossed them in front of
their bodies (adduction) in the frontal plane, beginning from a neutral position. Following the on-screen
instructions from the system, each movement was executed once for each arm. To minimise fatigue and
reduce test duration, only one maximal trial per side was performed, although multiple trials can en-
hance repeatability (Collings et al., 2024). Athletes were instructed to move fluidly and at their own
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pace. The HumanTrak system recorded the peak joint angles (in degrees) for every movement and au-
tomatically distinguished between the left and right limbs. A trial was repeated if noticeable compensa-
tory trunk motion, such as leaning, occurred, which was carefully avoided.

Instrument and Data Collection

The HumanTrak™ system (VALD Performance, Australia) was used to record shoulder motion. This por-
table, markerless 3D motion-analysis tool tracks joint movement in real time with an Azure Kinect depth
camera (Collings et al., 2024). It allows for quick setup in field conditions by providing kinematic data
without reflective markers. Previous validation studies have demonstrated good accuracy and reliability
for measuring shoulder joint motion using the HumanTrak™ system (Collings et al., 2024; McCarthy et
al,, 2023). Therefore, this system was considered appropriate for assessing three-dimensional shoulder
mobility in the present study. The Kinect camera's depth resolution and capture rate (approximately 30
Hz) enable accurate joint-angle measurements free from occlusion. The device was calibrated in accor-
dance with the manufacturer's instructions prior to testing.

Two handheld digital stopwatches (model Seiko) run by knowledgeable coaches were used to measure
performance testing (200-meter swim time). Well-trained stopwatch timers have demonstrated high
agreement (ICC ~0.99) with automated times in sprint trials, although electronic timing systems are
more accurate (Hetzler et al., 2008). According to earlier sprint research, "stopwatches are reliable" for
recording performance times (Hetzler et al., 2008). Following each trial, the OneHealth Pulse Oximeter
FS10F was used to record the heart rate, and stroke frequency (SF) were either manually counted or
captured on video.

Following standard performance test protocols, each swimmer underwent mobility testing and then
proceeded to swim a 200-meter (4x50-meter) front crawl at maximum effort in a 50-meter pool. As a
useful indicator of middle-distance swim speed (v200), a well-rested maximum time trial was selected.
Without any pacing instructions, swimmers were told to swim four consecutive 50-meter laps (20 stro-
kes per lap, typical pace) while maintaining their normal breathing and stroke patterns. When the swim-
mer signalled, two skilled timekeepers began the watches, which stopped when the swimmer touched
the wall at 50, 100, 150, and 200 meters. The 200-meter performance time was calculated by adding the
split times for each 50-meter swim. Experienced coaches frequently time swim tests using stopwatches,
which have been demonstrated to produce small mean errors and high ICC (>0.98) in group trials (He-
tzler et al.,, 2008). A post-exercise heart rate was recorded on the monitor immediately following the
trial. Additional stroke variables were calculated using video: stroke frequency (SF, cycles per 50 m) and
stroke rate (SR, cycles per minute) were recorded by counting arm cycles over several laps. The rela-
tionship v = SRxSL was then used to indirectly calculate the stroke length (SL, m per cycle) (Fiori et al,
2022; Rizkanto et al., 2021). Additionally, we used video playback to record underwater time—the
amount of time between wall push-off and surface breathing following each start or turn. Given that
extended underwater periods can impact total swim time, this data was added as a control variable. In
conclusion, we recorded each swimmer's total 200-meter time, average speed (200 m/time), heart rate,
SF, SL, underwater time (seconds), and split timings to ensure consistency (Ganzalves, 2024)

Data analysis

IBM SPSS Statistics (Version 29, IBM Corp., Armonk, NY, USA) was used for all statistical analyses. For
each measured variable, descriptive statistics such as mean and standard deviation were calculated. The
normality of data distribution was assessed using the Shapiro-Wilk test. Rank Spearman correlation
coefficients were employed to analyse the relationships between swimming speed and shoulder mobi-
lity metrics. In accordance with standard guidelines for sports science research, all tests were perfor-
med with a significance level of p < 0.05 (Hopkins et al., 2009).

Results
[

The study cohort comprised sixteen sub-elite adolescent swimmers (mean age = 14.94 + 1.81 years;
62.5% male), with complete demographic, anthropometric, and training characteristics detailed in Ta-
ble 1.
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Table 1. Demographic and Baseline Characteristics of Subjects

Variable f(%) mean*SD
Ages(years) 14.94 +1.81
12-14 6(37.5)
15-17 10 (62.5)
18-20 0(0)
Gender
Male 10 (62.5)
Female 6(37.5)
Dominant Hand
Right 13 (81.25)
Left 3 (18.75)
Body height (cm) 165.63 +4.8
Body weight (kg) 59.56 £ 5.99
Training experience (years) 8.63 +1.63
7-8 9 (56.25)
9-10 4 (25)
11-12 3 (18.75)

The participants had a mean age of 14.94 + 1.81 years, with most (62.5%, n = 10) aged between 15 and
17, while the remaining participants (37.5%, n = 6) were aged between 12 and 14. Among the sample,
37.5% (n = 6) were female and 62.5% (n = 10) were male. The average body weight was 59.56 + 5.99
kg, and the average height was 165.63 + 4.80 cm, based on anthropometric data. Regarding laterality,
18.75% (n = 3) were left-hand dominant, while 81.25% (n = 13) were right-hand dominant. A majority
of the cohort (56.25%, n = 9) reported having 7-8 years of structured swim training, followed by 25%
(n=4) with 9-10 years and 18.75% (n = 3) with 11-12 years. The average training experience was 8.63
+ 1.63 years.

Table 2 displays the findings of a comprehensive biomechanical profile, which encompasses shoulder
mobility metrics, stroke kinematics, and performance outcomes for the 200-meter freestyle. It also in-
cludes assessments of normality, following demographic characterization.

Table 2. Descriptive Statistics and Normality Test for Shoulder Mobility, Stroke Characteristics, and Swimming Performance Variables

Variable Mean * SD Min-Max Shapiro wilk test (P>0.05)
o Right 69.63+4.23 64.9-82.8 0.002
Internal Rotation (°) Left 70.18+3.47 62.3-75 0.451*
External Rotation (°) Right 100.39+5.97 91.9-113.7 0.566*
Left 98.48+3.94 90.7-104.3 0.436*
Flexion (%) Right 169.43+3.95 163.5-175.9 0.290*
Left 172.54+3.92 164.4-181.7 0.635*
Extension () Right 61.89+4.09 57.4-73.5 0.018
Left 59.84+2.41 55.2-64.1 0.912*
. o Right 168.29+2.91 156.7-176.9 0.001
Abduction (%) Left 171.90+4.66 163.4-181 0.970*
. o Right 50.85+3.32 43.3-55.9 0.793*
Adduction (°) Left 49.94:1.73 45.8-53.3 0.575*
Total Shoulder Rotation ROM (°) Right 170.01+£32.17 156.8-196.5 0.137*
Left 168.66+32.72 153-174.9 0.007
. . o Right 231.32+8.21 220.9-242.5 0.963*
Total Shoulder Flexion-Extension ROM (°) Left 232382722 22522391 0287
. . o Right 219.14+4.92 206.1-227.2 0.235*
Total Shoulder Abduction-Adduction ROM (°) Loft 221.842530 213.6.232.5 0.903*
Exercise Heart Rate (bpm) (200 m) 171.50+11.42 156.00-194.00 0.561*
Stroke frequency (count) (200 m) 151.75+3.34 147-159 0.570*
Stroke Lenght (m) 1.32+7.21 1.28-1.38 0.599*
Underwater (s) (200 m) 15.49+0.68 13.99-16.75 0.283*
Total time (s) (200 m) 163.722+2.24 159.34-167.12 0.031
Swimming Speed (m/s) 1.22+0.02 1.20-1.26 0.024*

*normally distributed

Bilateral symmetry was observed in most aspects of shoulder mobility analysis, with external rotation
demonstrating the largest range of motion (right: 100.39°+5.97°; left: 98.48°+£3.94°). The average flex-
ion-extension range of motion exceeded 230° bilaterally, while the average total rotational range of mo-
tion was 170.01°+32.17° on the rightand 168.66°+32.72° on the left. The average time for the 200-meter
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freestyle was 163.72+2.24 seconds, which corresponded to an average velocity of 1.22+0.02 m/s, ac-
cording to swimming performance metrics. Stroke kinematics indicated a stroke length of 1.32+7.21
m/stroke and a frequency of 151.75+3.34 strokes per 200 m. Except for right internal rotation
(p=0.002), right extension (p=0.018), right abduction (p=0.001), left total rotation range of motion
(p=0.007), and total swim time (p=0.031), 78% of the variables were found to be normally distributed
(p>0.05) as determined by Shapiro-Wilk testing.

Bivariate correlational analysis, while controlling for stroke kinematics and heart rate, indicated signif-
icant associations between shoulder mobility measurements in multiple planes and swimming velocity,
as outlined in Table 3.

Table 3. Spearman’s Rank Correlation Between Shoulder Mobility Metrics and 200 m Freestyle Swimming Speed

Variable r p-value intepretation
. Right 0.867 0.001 Very strong and statistically significant positive correlation
Internal Rotation (%) Left -0.150 0.578 Very weak and non-significant negative correlation
Lo Right 0.837 0.001 Very strong and significant positive correlation
External Rotation (°) Left 0.810 0.001 Very strong and significant positive correlation
Flexion (°) Right 0.743 0.001 Strong and significant positive correlation
Left 0.825 0.001 Very strong and significant correlation
Extension (°) Right 0.568 0.022 Moderate and significant positive correlation
Left -0.251 0.349 Weak and non-significant negative correlation
Abduction (%) Right 0.503 0.047 Moderate and significant positive correlation
Left 0.775 0.001 Strong and significant positive correlation
Adduction (°) Right 0.981 0.001 Extremely strong and highly significant correlation
Left 0.303 0.254 Weak and non-significant correlation
. o __Right 0.845 0.001 Very strong and significant correlation
Total Shoulder Rotation ROM (*) Left 0.682 0.004 Strong and significant correlation
Total Shoulder Flexion-Exten- Right 0.905 0.001 Extremely strong and highly significant correlation
sion ROM (°) Left 0.761 0.001 Strong and significant
Total Shoulder Abduction-Ad- Right 0.981 0.001 Exceptionally strong positive correlation
duction ROM (°) Left 0.704 0.002 Strong and significant correlation;
SF (count 200 m) -0.843 0.001 Very strong negative correlation
SL (m) 0.830 0.001 Very strong positive correlation

Correlation is significant at p>0.05

Right adduction (r =0.981, p < 0.001) and total right abduction-adduction range of motion (r = 0.981, p
< 0.001) demonstrated exceptionally strong correlations with swimming speed. Additionally, strong
positive correlations were noted for flexion (r = 0.743), right external rotation (r = 0.837), and total
flexion-extension range of motion (r = 0.905), with all p-values being less than 0.001. Significant bilat-
eral differences were observed; left internal rotation did not significantly correlate with velocity (r = -
0.150, p = 0.578), while right internal rotation did (r = 0.867, p = 0.001). Moreover, performance was
significantly predicted by right abduction (r = 0.503, p = 0.047), but not by left adduction (r = 0.303,p =
0.254). Expected correlations were further validated by stroke kinematics: velocity showed a positive
correlation with stroke length (r = 0.830) and a negative correlation with stroke frequency (r = -0.843),
both with p-values below 0.001.

Discussion
___________________________________________________________________________________________________________________________|
This study provides compelling evidence that the middle-distance swimming performance of adolescent
sub-elite swimmers is significantly affected by their three-dimensional shoulder mobility, particularly
in the dominant limb. Enhanced joint mobility directly contributes to propulsion efficiency, as demons-
trated by the exceptionally strong correlations between right-side shoulder adduction (r = 0.981), total
abduction-adduction range of motion (r = 0.981), and 200-meter freestyle velocity. These findings build
on previous biomechanical models of swimming propulsion, especially those emphasizing the impor-
tance of the in-sweep phase in front crawl strokes (Heinlein & Cosgarea, 2010; Morais et al., 2022)

Dominant limb mobility, particularly in terms of internal rotation and abduction, showed strong positive
correlations with velocity, while contralateral metrics often did not reveal significant relationships. Con-
sequently, bilateral asymmetry in shoulder range of motion emerged as a noteworthy performance-re-
lated characteristic. Given that over 80% of the sample was right-hand dominant, this asymmetry is
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likely attributable to functional lateralization. Prior research indicates that unilateral dominance in
swimming and other overhead sports often leads to asymmetrical load distribution and motor pattern
specialization (Drigny et al., 2020; Ekin, 2023; Gasibat et al., 2023). Importantly, our findings challenge
the traditional belief that bilateral symmetry is inherently optimal for performance. Instead, a more
nuanced, limb-specific mobility framework may be more applicable to performance, particularly in
sports where unilateral motions are frequently repeated (Firdaus Kafrawi et al., 2025).

Additionally, our findings support the crucial roles that stroke length (SL) and stroke frequency (SF)
play in mediating the relationship between swimming velocity and joint range of motion. In swimming
kinematics, the efficiency paradigm is supported by the strong positive correlation between SL and
speed (r = 0.830) and the inverse correlation between SF and speed (r = -0.843). This is because swim-
mers with greater shoulder range of motion can execute longer strokes, which lowers the frequency
required for sustained velocity (Davis et al., 2023; Ruiz-Navarro et al., 2025; Wirth et al., 2022). Accor-
ding to fluid dynamics, as previously modeled in hydrodynamic simulations, greater range of motion
(ROM) probably maximizes propulsion time during each stroke cycle while reducing deceleration pha-
ses (Higgs et al., 2017)

In terms of technology, the HumanTrak™ markerless motion capture system represents a methodologi-
cal breakthrough for biomechanical research conducted in the field. According to recent validation stu-
dies, this tool allows for the accurate and quick evaluation of multi-planar joint mobility without the
need for laboratory settings (Drazan et al.,, 2021; Edwards et al., 2025). These tools facilitate continuous
shoulder function monitoring and the early identification of mobility impairments by democratizing ac-
cess to biomechanical diagnostics for coaches and practitioners in applied settings.

The results of this study have applications in talent identification and training as well. Training regimens
should prioritize dynamic flexibility and resistance work that targets dominant-shoulder adduction and
flexion-extension range of motion due to their predictive value. Proprioceptive neuromuscular facilita-
tion (PNF) stretching and resisted internal rotation exercises, for instance, may enhance range of motion
and joint stability (Sharman et al.,, 2006; Warneke et al., 2025). Additionally, dominant-side mobility
metrics may serve as potential biomechanical biomarkers for early talent identification in young swim-
mers, as supported by previous evidence emphasizing the role of biomechanical and neuromuscular
variables in performance prediction (Morais et al., 2021; Zemkova & Hamar, 2018; Ruiz-Navarro et al,
2025). The strong correlations observed in this study (r > 0.90) further reinforce the practical value of
shoulder mobility assessments as objective indicators for screening and training optimization in youth
swimming programs.

This study provides empirical support for a refined understanding of the kinematic chain theory, parti-
cularly in the context of aquatic propulsion. Previous studies have described the shoulder complex as
the primary mechanical link balancing mobility and stability within the upper-limb kinetic chain
(Veeger & van der Helm, 2007), while others have highlighted that localized restrictions, such as poste-
rior shoulder tightness, can disrupt energy transfer efficiency (Harshbarger et al., 2013). Our findings
extend these insights by demonstrating that joint-specific mobility, particularly within the shoulder gi-
rdle, appears to modulate chain efficiency during swimming propulsion, supporting the notion that op-
timal limb kinematics may enhance segmental coordination and overall swimming performance (Ruiz-
Navarro etal., 2025; Kwok et al., 2021). This viewpoint also relates to theories of neuromuscular control
because, especially in younger populations that are still going through neuromuscular maturation, in-
creased range of motion may enable more personalized strokes, improving intracycle fluidity and lo-
wering mechanical asymmetry (Kwok et al., 2021).

However, it is important to recognize the limitations of this study. The relatively small sample size (N =
16) restricts generalizability, and the cross-sectional design makes causal inference impossible. Furt-
hermore, although 3D range of motion was measured, joint stability, scapular kinematics, and muscle
activation patterns were not measured at the same time; these could provide additional explanatory
power in subsequent studies. To elucidate causal mechanisms and training adaptations, longitudinal
studies with larger cohorts and integrated electromyographic data are advised.
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Conclusions

The study highlights the biomechanical importance of shoulder joint mobility in swimming perfor-
mance, particularly in the dominant limb. It reveals that right-side adduction and total abduction-ad-
duction ROM are the strongest predictors of 200-meter freestyle velocity. This highlights the importance
of shoulder kinematics in swimming performance and introduces it as a potential biomarker for training
optimization and talent identification. Swim coaches and sports practitioners should prioritize individ-
ualized mobility assessments and design training programs focusing on enhancing dynamic ROM, par-
ticularly adduction, flexion, and rotation of the dominant shoulder. Future studies should incorporate
muscle strength and coordination metrics, scapular tracking, and kinetic analyses to form a more com-
prehensive biomechanical model of swimming efficiency.
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