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ABSTRACT

[@®lJ s The incidence of sports injuries has risen significantly. Fatigue, recognized

Article Info: as an influential risk factor, has recently garnered considerable attention. Given the
importance of sports-related injuries and athletes’ well-being, this study aimed to

Received: 30 May 2025 investigate the effect of fatigue on lower-limb coordination and coordination

Accepted: 20 October 2025 variability during running in semi-professional soccer players.

Available Online: 20 October 2025 M/Sixteen semi-professional male soccer players from Kerman City were

randomly recruited. Participants completed treadmill running trials at a constant speed
of 10.8 km/h, both before and after a fatigue protocol. Three-dimensional kinematic
data were recorded using a six-camera motion analysis system operating at a sampling
frequency of 230 Hz. The Koblauch—Baur protocol was used to induce fatigue.
Continuous relative phase (CRP) analysis was performed using MATLAB R2022a to
quantify coordination and coordination variability. CRP values were calculated for
six couplings: hip—knee, knee—ankle, hip—ankle, left hip—right hip, left knee—right
knee, and left ankle-right ankle. Paired-samples t-tests were conducted to compare
pre- and post-fatigue measures.
The paired t-tests revealed no significant differences in coordination or
Keywords: coordination variability between pre- and post-fatigue conditions across most
couplings (p > 0.05). However, significant changes in coordination were observed for
the hip—ankle, left knee—right knee, and left ankle—right ankle couplings following
variability, Running, Soccer fatigue. Additionally, coordination variability differed significantly for the hip—knee
coupling after fatigue (p < 0.05).
Fatigue affected the continuous relative phase of some lower-limb
couplings, reducing coordination variability in certain cases. Although other
couplings exhibited post-fatigue changes, these were not statistically significant.
These findings suggest that fatigue exerts only a limited influence on lower-limb
coordination and its variability in semi-professional soccer players.
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1. Introduction

Beyond its role as a standalone athletic activity, running forms the foundation of nearly every major sport,
serving as a fundamental motor skill that drives athletic performance. In sports such as football, the
continuous and repetitive demands placed on the lower limbs are particularly intense, inherently increasing
the risk and incidence of various injuries. One critical factor contributing to this vulnerability is muscle
fatigue—a complex physiological state characterized by a measurable decline in the ability to generate
maximal force (3, 4). This multifactorial process emerges from a cascade of systemic changes, including
alterations in cardiorespiratory function, fluid balance, and sensory feedback mechanisms. The onset and
magnitude of fatigue are strongly influenced by both the intensity and duration of physical exertion (6, 10).
As fatigue develops, it disrupts the finely tuned biomechanics of the lower limbs, thereby heightening an
athlete’s susceptibility to injury. Prolonged running, in particular, exposes the lower extremities to multiple
mechanical stresses—compressive, tensile, and shear forces—that collectively accelerate the onset of
muscular fatigue and lead to measurable alterations in kinematic movement patterns. Moreover, fatigue
has been shown to impair the neuromuscular control system, resulting in subtle yet significant motor
deficits that further elevate the risk of injury. In essence, fatigue can fundamentally modify an athlete’s
movement strategies, predisposing them to both acute injuries and chronic overuse conditions (13). Given
these implications, the present study aimed to examine the extent to which fatigue influences lower-limb
coordination and coordination variability during running in semi-professional soccer players.

2. Methods

Sixteen semi-professional male footballers from Kerman participated in this quasi-experimental study. All
participants were engaged in regular two-hour daily training sessions. Following a 10-minute dynamic
stretching and stationary cycling warm-up, kinematic data collection was initiated. Twenty passive
reflective markers (19 mm) were precisely placed on specific anatomical landmarks of both lower limbs
according to the Plug-in Gait model. Pre-fatigue baseline data were obtained during a 1-minute treadmill
run at a constant speed of 10.8 km/h (23, 24). Fatigue was induced using the Kobl-Bauer protocol, which
involved gradual speed increments starting at 6 km/h and increasing by 1 km/h every 2 minutes until
participants reported Borg RPE scores of 13 and subsequently 17, with heart rate confirming the target
fatigue level (90% of theoretical maximum) (25). Immediately after fatigue induction, a 1-minute post-
fatigue run was performed at 10.8 km/h, followed by a 5-minute cool-down.

Motion capture was conducted using a six-camera Rapture H Motion Analysis System operating at 230
Hz. Raw marker trajectories were initially processed in Cortex 5.2, and subsequent analyses were
performed in MATLAB R2022a. Continuous Relative Phase (CRP) was calculated to assess inter-joint
coordination, while the standard deviation of CRP quantified coordination variability across six couplings:
hip—knee, knee—ankle, hip—ankle, left hip—right hip, left knee—right knee, and left ankle-right ankle.
Statistical comparisons between pre- and post-fatigue conditions were performed using Statistical
Parametric Mapping (SPM) and paired-samples t-tests, with the level of significance set at o = 0.05.

3. Results

Paired-samples t-tests revealed no significant overall differences in coordination or coordination variability
following fatigue (p > 0.05). However, significant differences (p < 0.05) were observed in the coordination
of the hip—ankle, left knee—right knee, and left ankle—right ankle couplings, as well as in hip—knee
coordination variability. SPM analyses further indicated that these significant alterations predominantly
occurred during the absorption phase of the running cycle: hip—ankle coordination (0-15% of the cycle),
left knee—right knee and left ankle-right ankle coordination (0-10% of the cycle), and hip—knee
coordination variability (0-10% of the cycle). Conversely, no significant changes were detected in hip—
knee, knee—ankle, or left hip—right hip coordination, nor in coordination variability for most couplings
(except for hip—knee), despite the presence of some observable trends.
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4. Discussion

This study sought to elucidate the influence of fatigue on lower-limb coordination and coordination
variability during running in semi-professional footballers. The findings reveal a nuanced pattern: while
fatigue did not universally disrupt kinematic coordination across the entire running cycle, significant
localized changes were evident during its early phases. Specifically, notable alterations were observed in
the coordination of the hip—ankle, left knee—right knee, and left ankle—right ankle couplings, alongside a
significant shift in hip—knee coordination variability (Fig. 1). The absence of widespread disruptions in
inter-joint coordination may reflect the presence of adaptive mechanisms developed through extensive
training experience. Such mechanisms likely enable these athletes to maintain stable motor patterns and
functional efficiency even under fatigue-induced stress (33, 35). Another interpretation may relate to the
characteristics of the fatigue protocol used, which—while effective—may not have induced maximal
neuromuscular exhaustion. The limited changes in coordination variability observed could also be
attributed to the athletes’ advanced skill level, allowing for refined compensatory adjustments that preserve
movement stability. Alternatively, these subtle differences may have been constrained by the statistical
rigor of the analysis or by the natural interindividual variability in response to fatigue. Overall, the relative
preservation of coordination patterns under fatigue supports the hypothesis that trained athletes possess
robust neuromuscular adaptations aimed at maintaining stability and minimizing injury risk, even in a
fatigued state. Future research should explore a broader range of fatigue protocols, running intensities, and
athletic populations to further delineate how fatigue modulates coordination dynamics and the potential
implications for injury prevention and performance optimization.
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1. Statistical Parametric Mapping
2. Absorption
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