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ABSTRACT

Background: The majority of anterior cruciate ligament (ACL) injuries are non-
contact, occurring most frequently during landing or changing directions in sports
activities. Various factors, such as biomechanical and neuromuscular variables,
have been implicated in these injuries. Recent research highlights that both
physical and mental fatigue might influence the risk factors for ACL injuries by
altering movement patterns during high-risk maneuvers. This study aimed to
investigate the effects of neuromuscular and mental fatigue on knee kinematics
and potential risk factors for ACL injuries in male soccer players during landing
and crossover-cutting maneuvers.

Methods: Thirty professional male soccer players were randomly divided into
three groups: physical fatigue (n=10), mental fatigue (n=10), and control (n=10).
Experimental groups performed landing and crossover-cutting maneuvers during
pre- and post-fatigue states, with kinematic data collected using a seven-camera
system and Cortex software. The control group underwent identical maneuvers
without fatigue protocols to ensure comparability of conditions across groups. The
control group underwent the same tests without implementing fatigue protocols.
Statistical analysis was conducted using repeated measures ANOVA to evaluate
differences across groups and conditions.

Results: Physical fatigue caused a significant decrease in knee flexion at initial
contact (P = 0.002), while mental fatigue showed no significant effects on
kinematics. Group-by-time interaction effects were observed for knee flexion (P
= 0.05), with pairwise comparisons revealing significant differences only in the
physical fatigue group.

Conclusion: Neuromuscular fatigue alters knee kinematics, increasing ACL
injury risk. Coaches should prioritize training programs that enhance fatigue
resistance and proper movement mechanics.
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Introduction

Knee injuries are a significant concern in sports, accounting for approximately 60% of all sports-
related injuries (1). Among these, anterior cruciate ligament (ACL) injuries are particularly
debilitating and represent nearly half of all knee injuries (2). Epidemiological studies estimate the
prevalence of ACL injuries in males to be approximately 1 in every 3,500 cases (1). These injuries
not only diminish athletic performance but also increase the risk of re-injury, leading to psychological
distress, reduced participation, and even early retirement from sports (3). Consequently, effective
prevention programs are essential to mitigate injury risks, enhance athlete safety, and reduce the
associated economic burden (3). However, the development of effective prevention strategies relies
on a comprehensive understanding of the mechanisms underlying ACL injuries (4).

Approximately 70% of ACL injuries occur via non-contact mechanisms (5), typically during landing,
pivoting, or cutting maneuvers (6). High-risk scenarios include sudden deceleration, directional
changes, or evasive maneuvers performed at high speeds to avoid defenders in sports like soccer,
basketball, and handball (7). These actions often involve biomechanical factors such as valgus knee
alignment, limited knee flexion, and increased ground reaction forces, all of which contribute to ACL
injury susceptibility (6). Given the high prevalence of these movements in dynamic sports, cutting
maneuvers have been identified as critical for assessing injury mechanisms (8).

Understanding and addressing risk factors is fundamental to injury prevention. Among these factors,
fatigue has emerged as a pivotal contributor, encompassing both physical and mental domains (9).
Physical fatigue, defined as a decline in muscle performance due to repetitive exertion, has been
shown to impair proprioception, neuromuscular control, and coordination (10). In soccer, fatigue
frequently occurs during the final 15 minutes of each half, correlating with an increased incidence of
injuries (11, 12). Studies have demonstrated that fatigue-induced alterations in muscle activity and
joint mechanics, such as reduced knee flexion angles and increased abduction moments, elevate the
risk of ACL injuries (13, 14). For instance, McLean et al. reported that fatigue amplifies knee
abduction during landing (14), while Kellis et al. observed reduced ground reaction forces and altered
knee flexion mechanics due to thigh muscle fatigue (15).

Mental fatigue, characterized as a psychobiological state resulting from prolonged cognitive effort,
has also been implicated as a risk factor for non-contact ACL injuries (16, 17). It can impair reaction
times, decision-making, and motor coordination, thereby compromising an athlete’s ability to
perform high-stakes maneuvers (18). Swanik et al. demonstrated that athletes with lower
neurocognitive function exhibit slower reaction times and reduced visual-motor coordination, which
may predispose them to ACL injuries (18). Furthermore, mental fatigue diminishes focus and agility,
exacerbating the risk of errors and missteps during competition (19). Interestingly, ACL injuries are
more prevalent during competitive matches (49.2%) compared to practice sessions (34.8%), possibly
due to heightened mental stress in competitive scenarios (20).

Despite its critical role, the influence of mental fatigue on ACL injuries remains underexplored,
particularly in comparison to physical fatigue. Both neuromuscular and mental fatigue are believed
to significantly alter knee kinematics, potentially increasing ACL injury risks (17). Therefore, this
study aimed to investigate and compare the effects of neuromuscular and mental fatigue on ACL
injury risk factors, focusing on landing and crossover-cutting maneuvers in professional male soccer
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players. The findings are expected to provide valuable insights into injury prevention strategies and
highlight the need for comprehensive interventions targeting both physical and cognitive domains.

Material and Methods

This semi-experimental study was conducted with 30 healthy male soccer players from the Asia
Vision Tournaments (Tehran’s Premiere League). Participants were selected based on specific
inclusion and exclusion criteria. These criteria ensured the homogeneity of the sample by focusing
on experienced athletes without recent injuries or conditions that could confound the results, thereby
enhancing the validity and reliability of the study's findings. The inclusion criteria required
participants to be professional soccer players with at least two years of experience, with no history of
lower-extremity injuries in the past six months, no joint diseases such as osteoarthritis, no physical
activity for 48 hours before testing, and abstinence from caffeine or alcohol. Exclusion criteria
included the presence of any chronic illness, current or past injuries affecting performance, or failure
to comply with pre-test instructions.

To reduce variability, only male athletes were included, as gender-related differences in landing
kinematics have been reported. All participants signed a written informed consent form after
receiving detailed information about the study objectives and procedures. Participants were then
randomly assigned into three groups: physical fatigue (n=10), mental fatigue (n=10), and control
(n=10). Randomization was stratified to ensure homogeneity across groups based on height, weight,
and years of playing experience.

The sample size was calculated using G*Power software, considering an effect size of 0.3, power of
0.8, and an alpha level of 0.05. The calculated sample size of 30 participants was deemed sufficient
to detect differences in kinematic variables across the groups. To simplify data collection, tests were
performed based on the right and left legs rather than dominant and non-dominant legs. This
limitation was acknowledged in the discussion section, with recommendations for future research to
address it. Ethical approval for this study was obtained from the Research Ethics Committee of the
Sports Science Research Institute of Iran (Code: IR.SSRC.REC.1398.123)

Participants performed a standardized warm-up protocol, including five minutes of stretching and
running. The three-dimensional (3D) kinematic evaluation of landing and crossover-cutting
maneuvers was conducted using a calibrated Motion Analysis System. A 40-cm wooden box was
used for the landing task. To ensure consistency in landing patterns, participants were explicitly
instructed to land on their forefoot and transition to the heel, regardless of the jump height, aligning
their movement with a standardized landing strategy. This was confirmed during familiarization trials

(2).

Upon jumping, a light box placed three meters away would randomly light up on the left or right side.
Participants were instructed to cut in the direction of the light at a 60-degree angle and run three
meters at a self-selected speed. Both legs were tested, with three valid trials recorded after
familiarization. Landing technique consistency was visually monitored by an experienced researcher
to ensure compliance (2).

Regarding the influence of the pelvic girdle, its role as a closed kinematic chain affecting adjacent
limbs was acknowledged. Participants were screened for any pelvic or core instabilities during the
initial assessment. This ensured minimal compensatory movements from neighboring segments
during landing and cutting maneuvers. Participants performed these tasks during pre- and post-fatigue
states. The control group underwent the same testing protocol without fatigue induction, with



identical time intervals between pre- and post-tests. No combined fatigue protocol was applied to
experimental groups. Figure 2 shows the schematic photo of landing and cutting maneuvers.

The muscle fatigue protocol consisted of sets of 10 single-leg squats (to 90° of knee flexion), two
single-leg maximal vertical jJumps, and 20 step-ups (31 cm height step, alternating legs for each set).
The procedure was repeated until participants reported a score of 10 on the Borg scale, indicating
maximal fatigue. No specific limb was targeted for inducing fatigue, as both legs were alternately
involved in the protocol to ensure balanced fatigue across both limbs. (21, 22).

Participants continued the protocol if the height of their single-leg maximal vertical jump exceeded
80% of the initial reference value, which was determined by three maximal-effort single-leg hops
recorded before the protocol. The average jump height was used as a baseline reference. Fatigue
levels were monitored between sets using the Borg scale, with a score of 10 confirming the
participant's exhaustion (23).

The mental fatigue protocol involved a 45-minute version of the AX-Continuous Performance Test
(AX-CPT), a cognitive task designed to measure alertness, working memory, and rapid response
capabilities (24). Participants were required to press one of two buttons in response to a series of
letters displayed on a computer screen. Performance metrics included response time, accuracy, and
error detection, with auditory feedback (a beep) signaling non-responses or incorrect responses. Upon
completing the AX-CPT, participants completed a validated mental fatigue questionnaire to confirm
fatigue levels. Scores below 50 on the questionnaire were considered indicative of mental fatigue (17,
25). If a participant did not meet the fatigue criteria, the AX-CPT was repeated to ensure the desired
cognitive fatigue level was achieved.

Kinematic data were collected using a seven-camera motion analysis system (Motion Analysis, Santa
Rosa, California, USA) and Cortex software (ver. 2.5). The motion capture system was calibrated to
the testing range prior to data collection. Data were sampled at a rate of 240 Hz to ensure high-
resolution capture of movement.

Reflective markers were applied to the participants based on the Helen Hayes marker set (26). A total
of 21 markers were placed on specific anatomical landmarks, including the right and left anterior
superior iliac spine, sacrum, right and left greater trochanter, right and left thigh, right and left medial
and lateral femoral epicondyles, right and left shank, right and left medial and lateral malleoli, right
and left second metatarsal heads, and the right and left heels (26). Figure 1 illustrates the arrangement
of the cameras and marker placement in the laboratory setup.

In this study, the KinTools RT section of the Plugin software integrated with the Cortex software was
used for segmentation and kinematic data extraction. The landing phase was defined as the interval
between initial contact and maximal knee flexion. Initial contact was identified as the moment when
the vertical velocity of the marker on the second metatarsal head reached zero (27). To preprocess
the data, a low-pass Butterworth filter with a 6 Hz cutoff frequency was applied to reduce noise and
improve data accuracy (28). Prior to formal testing, pilot trials were conducted to optimize camera
angles and ensure full visibility of the markers throughout the motion range. If a marker became
temporarily obscured during data capture, the Cortex software's interpolation functionality was
employed to estimate its position.

The location coordinates of the second metatarsal head marker on the Z-axis were used to determine
the frame with the smallest spatial distance from the ground, thereby accurately identifying the time
of foot strike. This method ensured precise temporal alignment for analyzing kinematic variables
during the landing phase.



Upon the completion of the data collection phase, the Shapiro-Wilk test was used to assess the normal
distribution of the data, and Levene’s test was conducted to evaluate the homogeneity of variances.
Variables were averaged across three trials for consistency.

For within-group comparisons (pre-test vs. post-test), paired sample t-tests were employed. This
approach provided a clear analysis of the effect of fatigue within each condition, focusing on changes
specific to each group.

To evaluate between-group differences and interaction effects (time x group), a mixed-design
repeated measures ANOVA was utilized. This allowed for comprehensive analysis of group and time
interactions, while post-hoc pairwise comparisons were performed using Tukey’s adjustment to
identify specific group differences.

The Mauchly’s test of sphericity was applied to ensure the assumption of sphericity, and Greenhouse-
Geisser corrections were made when this assumption was violated. The alpha level was set at 0.05
for all statistical tests. Statistical analysis was conducted using SPSS Statistics software (ver. 22)
(SPSS Inc., IBM Company, N.Y., USA)

Results

No significant differences in anthropometric characteristics were observed among the groups (Table
1). The Shapiro-Wilk test confirmed the normal distribution of data (p > 0.05). Kinematic variables
are presented in Table 2. Within-group comparisons highlighted a significant change in the physical
fatigue group, specifically in the left leg, where the flexion angle at initial contact decreased
significantly (p = 0.002), indicating the influence of physical fatigue.

Mixed ANOVA analysis (Table 3) demonstrated significant group-by-time interactions for flexion
angles at initial contact in both the right (p = 0.05) and left (p = 0.007) legs, underscoring varying
effects across the groups. Post hoc Tukey’s analysis revealed that the physical fatigue group exhibited
a significant difference compared to the control group (p = 0.006). Moreover, the group effect for the
left leg’s initial contact flexion angle was statistically significant (p = 0.05), primarily driven by
differences between the physical and mental fatigue groups (p = 0.05).

These results emphasize the critical impact of physical fatigue on knee kinematics during high-risk
maneuvers, particularly alterations in flexion angles at initial contact. The findings suggest targeted
strategies to mitigate fatigue-induced changes in movement patterns to reduce injury risk.

Figure 1. The schematic photo of landing and cutting manoeuvres.
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Figure 2. The cameras positions in laboratory.
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Table 1. Means =+ standard deviations for participants’ anthropometric characteristics.

Variable Physical Fatigue Mental Fatigue Control
Age (years) 20.1+7.05 21.1+9.59 21 +£1.99
Height (cm) 178.4+9.17 178.7+5.18 179.548.73
Weight (kg) 71.845.04 71.843.78 73.145.51




Table 2: Kinematic variables.

variables Control Physical fatigue Mental fatigue
Pre test Post test Sig. Pre test Post test Sig. Pre test | Post test Sig.
R| 27.71+6.13 32.8516.45 P=0.054 24.4715.32 23.98+7.13 P=0.80 28.04+3.60 26.63+5.64 P=0.40
IC
Flexion(+)/Ext
ension(-) L| 29.47£7.72 32.83+£7.13 P=0.80 27.03t5.67 23.70£5.41 *P=0.002 | 26.49+6.43 26.97+5.30 P=0.75
R| 59.52+6.72 63.59+£13.05 P=0.23 57.19£10.92 | 53.79+12.12 P=0.36 64.51+14.82 | 61.74+15.58 P=0.57
Peak
L| 57.59+11.11 | 63.07+13.05 P=0.20 59.36+12.30 | 50.80+11.58 P=0.18 60.20+14.86 | 62.38+15.92 P=0.58
R| 3.52+8.36 4.32+£9.27 P=0.72 0.64+2.83 3.40+6.96 P=0.23 5.84+5.92 5.30+7.24 P=0.78
IC
Valgus(+)\Var L|-0.17£9.59 2.16+8.33 P=0.39 -0.99+6.88 0.55+6.05 P=0.56 7.62+6.63 5.72+8.62 P=0.58
us(-
0 R| -7.92+£10.26 | -5.52+6.94 P=0.51 -9.21+4.19 -7.6316.78 P=0.46 -5.35+7.42 -10.5615.16 P=0.07
Peak
L| -6.74£9.54 -6.44+5.00 P=0.92 -10.52+6.43 | -8.7419.84 P=0.40 -8.11+10.97 | -6.23+8.32 P=0.72
Rotation R| -2.41+8.42 -3.46+9.92 P=0.71 -12.42+8.09 | -7.58+18.24 P=0.07 -8.6218.14 -8.831£5.19 P=0.91
Internal(+)/Ext | Cutting
ernal(-) L| 0.56+9.78 -1.95+10.61 P=0.19 -9.10+11.74 | -10.32+14.42 P=0.67 -4.30+8.35 -8.621+6.20 P=0.14




Table 3: Result for Analysis of variance with repeated measures test

variables index df | df F p- | Effect
error value | size
time 1 27 0.89 | 0.35 | 0.03
R group 2 27 3.80* | 0.03 | 0.22
Flexion time*group | 2 27 320 | 0.05 | 0.19
initial contact time 1 27 0.04 | 0.82 | 0.002
L group 2 27 2.56 0.09 | 0.16
time*group 2 27 6.00* | 0.007 | 0.30
time 1 27 0.09 | 0.75 | 0.004
R group 2 27 1.35 0.27 | 0.09
Flexion time*group | 2 27 114 | 033 | 007
peak time 1 27 001 | 0.91 | 000
L group 2 27 0.89 | 0.42 | 0.15
time*group 2 27 2.45 0.10 | 0.06
time 1 27 0.72 0.40 | 0.02
R group 2 27 0.79 | 046 | 0.05
__Valgus time*group | 2 27 | 065 | 052 | 0.04
Initial contact time 1 27 | 016 | 0.69 | 0.006
L group 2 27 3.35* | 0.05 | 0.19
time*group 2 27 0.62 0.54 | 0.04
Valgus time 1 27 0.06 0.80 | 0.002
Peak R —group 2 27 | 025 | 077 | 001
time*group 2 27 2.23 0.12 | 0.14
time 1 27 0.40 | 052 | 0.01
L group 2 27 062 | 054 | 0.04
time*group 2 27 0.06 0.94 | 0.004
time 1 27 099 | 0.32 | 0.03
R group 2 27 1.00 | 0.37 | 0.06
Cross over time*group | 2 27 0.38 | 0.38 | 0.06
Cutting time 1 27 345 | 0.07 | 0.11
L group 2 27 1.94 | 0.16 | 0.12
time*group 2 27 0.38 0.68 | 0.02

Discussion

The current study investigated the effects of neuromuscular and mental fatigue on knee kinematics during
landing and crossover-cutting maneuvers in male soccer players. The findings revealed that physical fatigue
significantly reduced knee flexion at initial contact, particularly in the left leg, where a 12.3% decrease was
observed (from 27.03° to 23.70°, P = 0.002). The reduction in the right leg was smaller (2.0%, from 24.47° to
23.98°, P > 0.05), indicating that the non-dominant leg might be more susceptible to fatigue-induced changes.



These results underscore the importance of addressing fatigue in injury prevention strategies, as altered knee
kinematics under fatigued conditions can increase the risk of ACL injuries.

Reduced knee flexion may increase anterior shear forces on the tibia, heightening the load on the ACL. This
biomechanical change is consistent with the study’s hypothesis that physical fatigue is a significant risk factor
for ACL injuries (29). Previous research has highlighted that diminished knee flexion reduces the efficacy of
eccentric muscle control, increasing the reliance on non-contractile tissues such as ligaments. For instance,
tightened collateral ligaments under reduced flexion conditions may stabilize the joint but at the cost of
increased anterior tibial translation, further escalating ACL injury risk (30)..

The findings align with Benjaminse et al., who reported decreased knee flexion at initial contact and reduced
maximal valgus under fatigued conditions during a single-leg stop-jump task (31). Similarly, Lucci et al.
observed altered mechanics in the hip and knee after fatigue, particularly in the sagittal and transverse planes.
These studies confirm the broader impact of fatigue on lower-extremity kinematics (28).

Thomas et al. expanded on this by examining anticipated and unanticipated single-leg landings in female
athletes, finding that fatigue significantly diminished knee flexion and increased knee valgus and hip internal
rotation during unanticipated tasks (32). These results emphasize that fatigue can amplify biomechanical risks
in unpredictable scenarios. However, discrepancies exist, as highlighted by Allen et al., who found that fatigue
protocols resembling neuromuscular warm-ups increased knee flexion and reduced valgus angles (33). Such
variations could stem from differences in protocol design, participant demographics, or activity-specific
biomechanics. Finally, Abergel et al. demonstrated that fatigue increased hip and knee flexion, further
supporting the idea that fatigue-induced kinematic changes are complex and multifaceted (35). Discrepancies
between studies may also arise from gender differences, sample characteristics, or variations in fatigue
protocols. These findings highlight the importance of considering individual and context-specific factors when
interpreting the effects of fatigue on knee kinematics.

Among the key findings of this study was the trend toward increased valgus angles in the physical fatigue
group. In the pre-fatigue stage, the left leg exhibited a valgus angle of -0.99°, which increased to 0.55° post-
fatigue. Although the right leg showed a larger increase (from 0.64° to 3.40°), these changes were not
statistically significant (P = 0.56). The lack of significance suggests that while observable trends exist, the
magnitude of these changes was insufficient to reach statistical thresholds. This outcome may reflect the
complexity of neuromuscular control during unanticipated maneuvers, which require rapid adjustments under
fatigue conditions. Despite their non-significance, these trends highlight the potential for fatigue to alter
kinematic patterns, which could elevate the risk of ACL injuries under more extreme or prolonged conditions.

Consistent with this, Mejane et al. explored the combined effects of neuromuscular fatigue and perceptual-
cognitive tasks on knee biomechanics during landing in female athletes (34). Their study demonstrated
significant alterations in knee kinematics, including increased valgus, when fatigue was paired with cognitive
challenges. This highlights the amplifying effect of cognitive demands on fatigue-induced biomechanical
changes, emphasizing the need to consider both neuromuscular and cognitive factors in injury prevention
strategies.

Similarly, Borotikar et al. investigated the effects of fatigue and decision-making on landing mechanics in
NCAA athletes, reporting significant increases in knee abduction (valgus), internal hip rotation, and ankle
supination angles (35). Their findings further confirm that fatigue exacerbates biomechanical vulnerabilities,
particularly during unanticipated or cognitively demanding tasks. However, not all studies align with these
observations. Benjaminse et al. found no significant increase in valgus angles after fatigue induced by running
during single-leg landings (31). This discrepancy may be attributed to the double-leg landing protocol
employed in their study, which distributes mechanical loads across both limbs and reduces the demand on
individual neuromuscular systems.

In the current study, the mental fatigue group exhibited some movement changes after performing the AX-
CPT protocol. While these changes were not statistically significant, they align with findings from Swanik et
al., who reported that impaired cognitive processing can compromise motor behaviors, particularly under



unanticipated conditions. Mental fatigue may reduce visual-spatial orientation and decision-making ability,
affecting an athlete's capacity to adapt to conflicting stimuli during gameplay. These subtle effects warrant
further investigation to understand how mental fatigue interacts with biomechanical performance over time.

This study has several limitations that should be acknowledged. First, the sample size was relatively small (30
male soccer players), limiting the generalizability of the findings to broader populations, including female
athletes and players from different sports or competitive levels. The homogeneity of the sample, while
beneficial for controlling variability, reduces the applicability of the results to more diverse groups. Second,
the controlled laboratory environment, while ensuring precise data collection, may not fully replicate the
dynamic and unpredictable nature of in-game conditions. Real-world factors such as prolonged exertion,
psychological pressure, and simultaneous cognitive and physical demands were not fully captured.
Additionally, the fatigue protocols used in this study may not encompass all the complexities of fatigue
experienced during actual gameplay, potentially limiting the ecological validity of the findings. Third, the tests
in this study were conducted and recorded based on the right and left legs, rather than categorizing them as
dominant and non-dominant legs. While this approach ensured consistency in data collection, it may have
overlooked potential biomechanical differences related to leg dominance, which could influence fatigue
responses and kinematic outcomes. Addressing these limitations in future research could enhance the relevance
and applicability of the results to diverse athletic populations and real-world scenarios.

Conclusion

The present study highlights the significant role of physical fatigue as a neuromuscular risk factor influencing
knee kinematics, particularly in the non-dominant leg. A 12.3% reduction in knee flexion under physical
fatigue conditions underscores its potential to elevate ACL injury risk during landing and crossover-cutting
maneuvers. Although mental fatigue showed limited direct impact on kinematic variables, its subtle effects on
cognitive and motor performance suggest it may play a secondary role in increasing injury susceptibility.
Based on these findings, targeted neuromuscular and endurance training programs are recommended to
enhance fatigue resistance and improve landing mechanics. Proper coaching of landing and cutting techniques,
particularly under fatigue conditions, can reduce biomechanical vulnerabilities. Additionally, integrating
visual coordination and cognitive training into athletic programs can prepare athletes for unanticipated
movements in high-pressure scenarios, thereby minimizing the risk of injury.
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