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The effects of injury prevention programs to offset the biomechanical
markers of ACL injury risk during fatigue among soccer players

Los efectos de los programas de prevencién de lesiones para mitigar los
marcadores biomecdnicos del riesgo de lesion del LCA durante la fatiga en
jugadores de fiitbol

Authors

Muhammad Hamdan 1

Siti Norfariza Mohd Noh 2
Wee Kian Yeo 3

Raihana Sharir 4

Sapto Adi 5

Slamet Raharjo 5

Raja Mohammed Firhad Raja
Azidin% 6

1Universiti Teknologi MARA,
Jengka Campus (Malaysia)
2Universiti Kebangsaan Malaysia
(Malaysia)

3Institut Sukan Negara (Malaysia)
4Universiti Teknologi MARA, Shah
Alam Campus (Malaysia)
5Universitas Negeri Malang
(Indonesia) 5 Universitas Negeri
Malang (Indonesia)

6 Selangor Football Club (Malaysia)

Corresponding author:
Muhammad Hamdan
muhammadhamdan@uitm.edu.my

How to cite in APA

Hamdan, M., Mohd Noh, S. N,, Yeo, W. K,, Sharir,
R, Adi, S, Raharjo, S., & Raja Azidin, R. M. F.
(2025). The effects of injury prevention programs
to offset the biomechanical markers of ACL injury
risk during fatigue among soccer

players. Retos, 70, 893-906.
https://doi.org/10.47197 /retos.v70.110797

NV

.y

Abstract
|
Introduction and Objective. It is widely recognized that multicomponent intervention programs

significantly improve lower extremity biomechanics, contributing to injury risk reduction.
However, the effectiveness of multicomponent Injury Prevention Exercise Programs (IPEPs) in
reducing the risk of non-traumatic anterior cruciate ligament (ACL) injuries under fatigue con-
ditions remains unclear. The objective of this study was to analyze the impact of a multicompo-
nent IPEP on biomechanical markers of ACL injury risk in soccer players during a match simu-
lation. Methodology. Nineteen male soccer players (n=19) were randomly assigned to an inter-
vention group (n=10) or a control group (n=9). The intervention group incorporated a specific
PEP into their usual training for 15 weekly sessions, while the control group maintained their
conventional training routine. Landing biomechanics was assessed using vertical jump with
drop (bipodal) and unipodal hop tests at times 0, 15, 30, 45, 60, 75, 90, and 105 minutes of a
ball-based match simulation (Ball-Sport Simulation, BOSS).

Results. The intervention group showed significant improvements in kinematic patterns, with
positive differences in knee and hip angles compared to the control group, both before fatigue
and during the simulated match. These improvements were evident in the pre- and post-inter-
vention assessments. However, no changes in knee kinetics during bipodal landing were ob-
served as a result of the PEP.

Conclusions. The implementation of a multicomponent Preventive Exercise Program can in-
duce positive effects on knee and hip kinematics, contributing to a reduction in biomechanical
markers associated with the risk of ACL injury, even under simulated fatigue conditions. How-
ever, its influence on joint kinetics requires further investigation. These findings support the
systematic inclusion of PEP programs in the regular training of soccer players.

Keywords
Anterior cruciate ligament (ACL); biomechanics; injury; prevention; soccer.
Resumen

Introduccién y Objetivo. Se reconoce ampliamente que los programas de intervencién multi-
componente mejoran significativamente la biomecanica de las extremidades inferiores, con-
tribuyendo a la reduccidn del riesgo de lesiones. Sin embargo, la eficacia de los Programas de
Ejercicios de Prevencion de Lesiones (PEP) multicomponente para disminuir el riesgo de le-
siones no traumaticas del ligamento cruzado anterior (LCA) bajo condiciones de fatiga atin no
esta clara. El objetivo de este estudio fue analizar el impacto de un PEP multicomponente so-
bre los marcadores biomecanicos del riesgo de lesién del LCA en jugadores de futbol durante
una simulacidn de partido. Metodologia. Diecinueve jugadores de fitbol masculinos (n=19)
fueron asignados aleatoriamente a un grupo de intervencién (n=10) o a un grupo control
(n=9). El grupo de intervencién incorporé un PEP especifico a su entrenamiento habitual du-
rante 15 sesiones semanales, mientras que el grupo control mantuvo su rutina de entrena-
miento convencional. La biomecanica del aterrizaje fue evaluada mediante pruebas de salto
vertical con caida (bipodal) y salto unipodal, en los momentos 0, 15, 30, 45, 60, 75,90y 105
minutos de una simulacién de partido con balén (Ball-Sport Simulation, BOSS).

Resultados. El grupo de intervencién mostré mejoras significativas en los patrones cinemati-
cos, con diferencias positivas en los dngulos de rodilla y cadera en comparacién con el grupo
control, tanto antes de la fatiga como durante el desarrollo del partido simulado. Estas mejo-
ras fueron evidentes en las evaluaciones pre y post intervencién. Sin embargo, no se observa-
ron cambios en la cinética de la rodilla durante el aterrizaje bipodal como resultado del PEP.
Conclusiones. La implementacion de un Programa de Ejercicios de Prevencién multicompo-
nente puede inducir efectos positivos sobre la cinematica de la rodilla y la cadera, contribu-
yendo a reducir los marcadores biomecanicos asociados al riesgo de lesién del LCA, incluso
bajo condiciones de fatiga simuladas. No obstante, su influencia sobre la cinética articular re-
quiere mayor investigacion. Estos hallazgos apoyan la inclusién sistemética de programas PEP
en el entrenamiento regular de futbolistas.

Palabras clave

Biomecdnica; futbol; lesion; ligamento cruzado anterior (LCA); prevencion.
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Introduction
___________________________________________________________________________________________________________________________|
The impact of an ACL injury extends beyond the immediate recovery period, increasing the risk of de-
veloping negative health conditions later in life, such as early onset osteoarthritis, meniscal and chon-
dral damage around the knees, and hypokinetic diseases resulting from reduced physical activity (Yu &
Garrett, 2007). Recent studies confirm that injury patterns vary significantly by player position and
competition level (Gamonales et al., 2024a), with fatigue exacerbating high-risk motion profiles during
match play (Di Paolo et al., 2023). As reported by Lyman et al. (2009), the alarming increase in ACL
injury rates has prompted further studies to implement injury prevention interventions aimed at reduc-
ing ACL injury risks during matches (Padua et al., 2018). These interventions have shown effectiveness
in reducing ACL injury rates by improving neuromuscular control and lower extremity biomechanics.
Several studies have assessed the efficacy of multi-component intervention programs in mitigating in-
jury incidences during match-play (Gilchrist et al., 2008; LaBella et al.,, 2011; Waldén et al., 2012).

However, a critical question remains unanswered. While it is understood that these multi-component
intervention programs enhance lower extremity biomechanics, thus reducing injury risk, the accumula-
tion of fatigue still significantly influences the risk of injury (Borotikar et al., 2008; McLean & Samorezov,
2009). To our knowledge, the efficacy of current multi-component injury prevention exercise programs
(IPEPs) in mitigating non-traumatic ACL injury risk during bouts of fatigue remains unknown. A deeper
exploration of lower extremity biomechanics under fatigue is necessary. This knowledge will provide
valuable insights into the effectiveness of multi-component IPEPs throughout the duration of a simu-
lated soccer match, offering a more nuanced understanding of their ability to reduce ACL injury risk
during an entire game.

Exploring lower extremity biomechanics in a fatigued state will enhance our understanding of how effi-
cient multi-component IPEPs are in mitigating non-traumatic ACL injury risk in a sports match from a
temporal perspective. Therefore, this study aims to investigate the effects of multi-component interven-
tion programs designed to reduce ACL injury risk among soccer players throughout a simulated soccer
match.

Method

. ______________________________________________________________________|
This study was conducted with the approval of the Universiti Teknologi MARA Research Ethics Commit-
tee (600-IRMI(5/1/6)). This study used a randomized two-group pretest-posttest design (Ato et al.,
2013) to evaluate the efficacy of an Injury Prevention Exercise Program (IPEP) in mitigating ACL injury
risk during soccer-specific fatigue. Following an initial biomechanical assessment, Participants were
randomly assigned to either the control or intervention group using computer-generated block random-
ization (block size = 4) to ensure balanced allocation. The randomization sequence was concealed from
researchers until group assignment (Montero & Le6n, 2007). Participants in the intervention group un-
derwent an injury prevention exercise program (IPEP), while those in the control group continued with
their usual training regimen. Both groups were assessed a second time following the completion of the
program (Figure 1).

Figure 1. Research Flowchart of the Study.
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Participants

Nineteen male participants volunteered for this study. Their mean age, height, and body mass were 25.6
* 4.3 years, 1.68 = 0.05 meters, and 65.1 + 9.9 kilograms, respectively. G¥Power a-priori sample size
calculation indicated that 8 samples were required per group for all analyses, totalling 16 samples. Since
the participants in this study were assessed in paired conditions (pre-test and post-test, control, and
intervention), the total number of participants required was 8. To account for a 10% dropout rate, at
least 9 participants per group were recruited.

Procedure
Instrument
Ball-Oriented Soccer Simulation

The Ball-Oriented Soccer Simulation (BOSS) used in this study was an intermittent, multidirectional
overground running protocol that integrated soccer activities with a ball (i.e., passing, heading, drib-
bling, and shooting) developed by Hamdan et al. (2020). The BOSS protocol was designed to mimic the
frequency and velocity of activities during an actual soccer match-play, as described elsewhere. A 15-
minute audio cue was used to guide the participants through the BOSS course, repeated throughout 45
minutes of the first half and another 45 minutes of the second half of the match-play simulation. This
protocol aligns with emerging field-based approaches for prospectively assessing ACL injury risk (Bos-
suyt et al., 2015), capturing fatigue progression through sport-specific tasks rather than lab-isolated
movements.

Intervention Program

An exercise program was introduced to the participants to counteract the disruptions caused by fatigue
during soccer match-play. The exercises included in the program consisted of specific activities high-
lighted to reduce the risk of injury (Padua et al., 2018). This prospective longitudinal intervention (Mon-
tero & Ledn, 2007) spanned 15 sessions over 5-8 weeks (varying by team training frequency) and then
once per week for the sessions that followed (Olsen et al., 2005; Steffen et al., 2008). Further details of
the exercise program can be found in the Appendix. The post-test was scheduled upon the participants’
completion of the 15th session. If the scheduled post-test was not immediately after the 15th session,
the participants were instructed to continue performing the intervention once a week until the date of
their post-test.

Control Group

The control group maintained their usual warm-up regimen, which included dynamic warm-ups but
excluded structured injury prevention exercises. This ensured the control condition represented typical
practice without IPEP contamination.

Biomechanical Assessment

The lower limb biomechanical assessments required participants to perform drop vertical jumps (bi-
pedal landing) and single-leg hop tasks (unipedal landing) following a simulated soccer match play pro-
tocol. The drop vertical jumps were performed from a 30 cm elevated platform onto a landing zone at a
distance of 50% of each participant’s height (Padua et al., 2009), whereas the single-leg hops were per-
formed from a level surface at a distance of 75% of each participant’s height (Bossuyt et al.,, 2015). A
successful trial for each landing was determined as a landing with one foot fully on one force plate. Three
successful trials were recorded for each time point and each drop vertical jump task. For the single-leg
hops, the mean was acquired from three successful trials on the left foot and three successful trials on
the right foot.

24 infrared cameras collected kinematic data for the lower limb biomechanical markers of ACL injury
risk at 240 Hz (Qualisys, Gothenburg, Sweden). Forty-four reflective markers were placed on all partic-
ipants by the same investigator to reduce inter-tester bias in accordance with the Liverpool John Moores
University Lower Limb and Trunk (LJMU LLT) model. Functional hip and knee joint centers were calcu-
lated for maximum error reduction of anatomical landmark placement over these joints (Robinson &
Vanrenterghem, 2012) using Visual3D (C-Motion, Germantown, MD, USA). An inverse kinematic model

NV

‘K%ﬁ{i 895



2025 (Septiembre), Retos, 70, 893-906 ISSN: 1579-1726, eISSN: 1988-2041 https://recyt.fecyt.es/index.php/retos/index

was utilized to reduce errors arising from surface movement and soft tissue artifacts. Knee joint mo-
ments were calculated using inverse dynamics. More explicit descriptions of the LJMU LLT model can
be found elsewhere (Malfait et al., 2014; Vanrenterghem et al., 2010).

Three-dimensional marker trajectories were low-pass filtered using a 4th order Butterworth filter at 18
Hz prior to inverse dynamics calculations (Kristianslund et al., 2012). The initial contact was defined as
the time instant when the foot meets the ground.

Kinetic data for the lower limb biomechanical markers of ACL injury risk were collected by two 0.9 x 0.6
m embedded force platforms (Kistler, Winterthur, Switzerland), sampling at 240 Hz. Dempster’s regres-
sion equation was applied to all segmental data using geometrical volumes to represent each segment.
Force data were low-pass filtered using a critically damped filter at 18 Hz prior to inverse dynamics
calculations (Kristianslund et al., 2012). Peak knee abduction moments were derived from the frontal
plane knee moments during weight acceptance phases in both unipedal and bipedal landings, as Demp-
sey et al. (2007) defined. Initial contact was defined by a vertical ground reaction force surpassing 20 N
over a width of 40 samples (Zeni et al., 2008). During this instance, sagittal plane knee and hip joint
angles were calculated.

Data analysis

The statistical analysis in this study was divided into three parts. Each part of the analyses was designed
to test specific hypotheses independently. The themes of the hypotheses assigned to each part were as
follows:

e Part 1: Comparison of biomechanical responses to the BOSS between the control and interven-
tion groups.

e Part 2: Comparison of biomechanical responses to the BOSS between the Pre-intervention test
(Pre-test) and the Post-intervention test (Post-test).

A 2 x 8 repeated measures ANOVA was employed. Independent variables were defined by grouping
designation (intervention (n = 10) versus control (n = 9)) for Part 1, and by testing phase (pre-test ver-
sus post-test) for Part 2. For all analyses, mean sagittal plane hip angles, knee angles, and frontal plane
knee moments at each time point of repeated measurements (time: 0 min, 15 min, 30 min, 45 min, 60
min, 75 min, 90 min, 105 min) were treated as the dependent variables. Any violations of the sphericity
assumption detected in Mauchly’s test of sphericity were corrected using the Greenhouse-Geisser epsi-
lon. If the epsilon was < 0.75, the Greenhouse-Geisser correction was applied, whereas if the epsilon was
> (.75, the Huynh-Feldt correction was used (Girden, 1992). Post-hoc analyses were conducted using
Bonferroni correction procedures to minimize Type I errors. All analyses were conducted using the sta-
tistical software package SPSS (IBM SPSS v.28, New York, USA) with alpha set at 0.05.

Results

. ______________________________________________________________________|
Two participants from the control group were unable to complete the study; the reported results rep-
resent the analyses for the remaining 17 participants (intervention: n = 10; control: n = 7). As the statis-
tical analysis for this study was divided into two parts, reporting the analysis results follows the two
parts outlined in the statistical analysis section.

Comparison of biomechanical responses to the BOSS between the control and the interven-
tion group

This analysis aimed to identify any differences between the control and intervention groups in landing
task kinematics and kinetics during the BOSS. To achieve this, the baseline assessment (pre-test) meas-
urements were separated from the post-test measurements, and the left and right limb measurements
were both included without discrimination. The 2 x 8 repeated measures ANOVA was conducted on the
post-test measurements, revealing the following findings.

The knee joint moments showed a trend towards a significant main effect of time (F2.557, 81.828 =
2.625, p = 0.063, partial n? = 0.077). No interaction between the participants’ grouping designation and
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the changes in knee moments was observed (F2.557,81.828 = 2.269, p = 0.096, partial n* = 0.066, Figure
2).

Figure 2. Changes in Knee Joint Moments between Control and Intervention Group Observations during Drop Vertical Jump Tasks.
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There was a significant main effect of time on knee angles throughout the BOSS during drop vertical
jump tasks (F4.304, 137.742 = 2.625, p = 0.034, partial n = 0.076), and a significant interaction was
observed in knee angles during the drop vertical jump tasks (F4.304, 137.742 = 3.116, p = 0.015, partial
n?% = 0.089, Figure 3). Post-hoc analyses revealed that the knee angles in the control group were signifi-
cantly more extended at the end of the BOSS (105 min) compared to their measurements at 0 min (p <
0.001; FIGURE 3). The control group’s knee angles were also more extended than the intervention
group’s measurements at 105 min (p = 0.032; Figure 3).

Figure 3. Changes in Knee Joint Angles between Control and Intervention Group Observations during Drop Vertical Jump Tasks.
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Knee Joint Angle (°)
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Note: Knee joint angles during drop vertical jump task landings. ¥ Indicates significant main effect of time. * Indicates significant differences
compared to baseline (Omin). # Indicates significant differences between control and intervention groups.

There was no significant main effect of time on hip angles (F4.173, 133.535 = 1.763, p = 0.137, partial n*
= 0.052). However, significant interactions were observed in hip angles during the drop vertical jump
tasks (F4.173, 133.535 = 3.453, p = 0.009, partial n* = 0.097, Figure 4). Post-hoc analyses revealed that
the hip angles in the control group were significantly more extended at the end of the BOSS (105 min)
compared to their measurements at 0 min (p = 0.007, Figure 4).
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Figure 4. Changes in Hip Joint Angles between Control and Intervention Group Observations during Drop Vertical Jump Tasks.

Time (min)

Hip Joint Angle (°)

@ Control Group ~ ® Intervention Group

Note: Hip joint angles during drop vertical jump landing tasks. * Indicates significant differences compared to baseline (Omin).

However, single leg hop tasks did not reveal any significant differences throughout the BOSS (p > 0.05;
Figure 5, Figure 6 and Figure 7).

Figure 5. Changes in Knee Joint Moments between Control and Intervention Group Observations during Single Leg Hop Tasks.
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Figure 6. Changes in Knee Joint Angles between Control and Intervention Group Observations during Single Leg Hop Tasks.
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Figure 7. Changes in Hip Joint Angles between Control and Intervention Group Observations during Single Leg Hop Tasks.
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Comparison of biomechanical responses to the BOSS between the pre-test phase and the
post-test phase

This analysis aimed to explicitly identify any differences between the pre-test and post-test measure-
ments in landing task kinematics and kinetics during the BOSS. To achieve this objective, the control
group measurements were separated from the intervention group measurements, while the left and
right limb measurements were included without discrimination. The 2 x 8 repeated measures ANOVA
was conducted on both control and intervention group measurements, revealing the following findings.
No significant differences were detected in all measurements during the single leg hop trials (p > 0.05).
however, the drop vertical jump tasks reveal the following findings:

The control group exhibited no significant main effect of time on the knee joint moments (F2.741, 82.237
=0.53, p = 0.647, partial n? = 0.017, Figure 8).

Figure 8. Changes in Knee Joint Moments between Pre- and Post-test Observations during Drop Vertical Jump Tasks Among Control Group
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The intervention group exhibited a significant main effect of time on peak knee joint moments (F2.411,
81.981 = 3.466, p = 0.028, partial nz =0.093, Figure 9).

Figure 9. Changes in Knee Joint Moments between Pre- and Post-test Observations during Drop Vertical Jump Tasks Among Intervention
Group
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Note: Knee joint moments during drop vertical jump task landings in the intervention group.  Indicates significant main effect of time.

There were significant main effects of time on knee angles during drop vertical jump tasks throughout
the BOSS in the control group (F4.077, 122.303 = 5.425, p < 0.001, partial n*> = 0.153, Figure 10). No
interaction was detected between pre-test and post-test measurements (p > 0.05).
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Figure 10. Changes in Knee Joint Angles between Pre- and Post-test Observations during Drop Vertical Jump Tasks Among Control Group
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Note: Knee joint angles during drop vertical jump task landings in the control group.  Indicates significant main effect of time.

e

However, there was no significant main effect of time on knee angles for the intervention group (F3.568,
121.304 = 1.107, p = 0.396, partial n* = 0.029, Figure 11). No interaction was detected between pre-test
and post-test measurements (p > 0.05).

Figure 11. Changes in Knee Joint Angles between Pre- and Post-test Observations during Drop Vertical Jump Tasks Among Intervention
Group
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There were significant main effects of time on hip angles during drop vertical jump tasks throughout the
BOSS in the control group (F3.885, 116.536 = 2.843, p = 0.028, partial n*> = 0.087; Figure 12). Similarly
to the knees, no interaction was detected between pre-test and post-test measurements (p > 0.05).

Figure 12. Changes in Hip Joint Angles between Pre- and Post-test Observations during Drop Vertical Jump Tasks Among Control Group

Time (min)
30 45 60

30 4

-60

Hip Joint Angle (°)

+
+
# Pre-test  ®Post-test

Note: Hip joint angles during drop vertical jump task landings in the control. # Indicates significant main effect of time.

However, there was no significant main effects of time on hip angles (F4.212, 143.2 = 0.84, p = 0.507,
partial n® = 0.024, Figure 13). No interaction was detected between pre-test and post-test measure-
ments (p > 0.05).
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Figure 13. Changes in Hip Joint Angles between Pre- and Post-test Observations during Drop Vertical Jump Tasks Among Intervention Group
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Discussion
]
Several takeaway points are highlighted based on the findings of this study. To consider these findings,
the discussion section was organised to match the presentation in the results section:

The effects of an intervention program in offsetting the risk of ACL injury risk among soccer
players

No differences were observed in knee joint moments. However, in the post-test phase, some noticeable
differences were observed in the control group, specifically that the knees were more extended towards
the end of the BOSS regardless of group designation. This suggests that biomechanical changes may oc-
cur following continuous exertion in simulated soccer match-play. Pairwise comparisons revealed that
the knees and hips were more extended for the control group compared to pre-simulation. Furthermore,
at the end of the BOSS, the knees were more extended among the control group landings than the inter-
vention group landings.

The findings suggest that implementing specific, targeted exercises may positively offset biomechanical
impairments during landings following soccer-specific exertions. The control group’s knee angles were
found to be between 24% and 39% more extended than the intervention group in both drop vertical
jump and single leg hop landing trials. These findings support and promote the benefits of specific, tar-
geted IPEPs as championed by Padua et al. (2018).

One way this study exhibits supporting evidence for the implementation of specific, targeted IPEPs is
through the temporal sustainability of biomechanics during landings, demonstrated by the magnitude
of deterioration in knee angles over time. As represented in Figure 3 and Figure 4, knee extension in the
control group increased by 17% to 21%, whereas the intervention group’s knee extension deteriora-
tions ranged between 0% and 6% following a similar set of soccer-specific exertions over a similar du-
ration. This observation highlights the efficacy of these IPEPs in offsetting ACL injury risk, particularly
in the fatigued state during the later stages of soccer match-play.

The effects of an intervention program on landing biomechanics among soccer players

Another demonstration of how specific, targeted IPEPs may benefit players comes from the second part
of the analysis. The main findings indicate notable changes in landing biomechanics parameters over
time, especially in drop vertical jump landing tasks. Similar to observations in the first part of the anal-
ysis, this suggests temporal changes in landing biomechanics following soccer-specific exertions. How-
ever, this analysis brings another perspective into consideration and interpretation of the results.

As illustrated in Figure 10 and Figure 12, the sagittal plane knees and hips were slightly more extended
throughout the BOSS during the post-test phase among the control group by 3-21% compared to their
pre-test assessments. On the other hand, the intervention group exhibited 1-16% less extended knees
and hips in the post-test compared to pre-test observations as demonstrated in Figure 11 and Figure 13.
Our finding of sustained knee flexion aligns with academy-level observations where positional demands
modulate injury susceptibility (Gamonales et al., 2024a), suggesting IPEPs should be tailored to player
roles. This observation supports another aspect of IPEP implementation benefits highlighted by Padua
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et al. (2018): improved biomechanics, neuromuscular control, and functional performance. Numerous
researchers (Chappell & Limpisvasti, 2008; Hewett et al., 1996; Irmischer et al.,, 2004; Lephart et al,,
2005; Lim et al., 2009; Myer et al., 2006; Myer et al., 2005; Prapavessis et al., 2003; Vescovi et al., 2008)
have demonstrated achievements in minimizing ground contact kinetics and improving landing kine-
matics through multicomponent IPEPs.

An added value of this study is the temporal observations over time while completing the BOSS. While
previous studies (e.g., Myer et al., 2006; Myer et al., 2005) reported pre-test and post-test observations,
this study may be the first to report observations of the investigated parameters following an IPEP with
respect to fatigue from soccer-specific exertions. Based on the findings of this study, it may be speculated
that the addition of injury prevention exercises alongside players’ usual training not only facilitates bio-
mechanical adaptations towards safer landing kinematics but, as Bonato et al. (2003) reported signifi-
cant correlations between muscle fatigue and changes in the biomechanics of motion, this may suggest
that the intervention played a role in improving the sustainability of the landing kinematics with better
muscular tolerance to fatigue. This speculation, however, should be considered with caution, as muscle
activation or muscle activity was not assessed in this study and warrants further investigation.

Limitations

Several limitations of this study should be taken into consideration. Firstly, according to the guidelines
mentioned by Padua et al. (2018), the injury prevention exercises were required to be performed as a
dynamic warm-up or as part of a comprehensive strength and conditioning program. This suggests that
the IPEP may be less effective than a standalone intervention. To address this issue, the control and
intervention groups were instructed to continue their regular training routines. The control group was
allowed to perform their regular warm-up routines while the intervention group performed the injury
prevention exercises as their warm-up routines.

Furthermore, the implementation of the exercise program was in accordance with practices from pre-
vious studies where participants performed injury prevention exercises for 15 consecutive sessions (Ol-
sen et al., 2005; Steffen et al., 2008). This meant that participants could complete their 15 sessions at
varying durations depending on the frequency of their training programs. For example, a participant
training twice a week would complete the intervention in eight weeks, whereas a participant training
three times a week could complete the intervention in five weeks. To accommodate the waiting time
due to post-test scheduling, participants were instructed to continue performing the intervention at a
frequency of once a week until their post-test session.

Additionally, participants performed the IPEP without any bias of their playing position in soccer or
other relevant components such as psychology or nutritional supplementations. Future IPEP designs
should integrate position-specific demands (Gamonales et al., 2024b) and psychological resilience train-
ing (Ramos-Pastrana et al., 2024) to address the multifactorial nature of ACL injury risk during fatigue.

Practical applications

The practical applications of this study emphasize the importance of selecting appropriate warm-up
routines in soccer. According to the recommendations by Padua et al. (2018), IPEPs should be multi-
component in nature, incorporating at least three of the five exercise categories (i.e., strength, plyom-
etrics, balance, flexibility, and agility) as demonstrated in the IPEP in this study (refer to the appendix).
Psychological aspects of ACL recovery (Ramos-Pastrana et al., 2024) further underscore the need for
multicomponent IPEPs addressing both biomechanical and cognitive fatigue factors. Additionally, Padua
et al. (2018) indicate the recommended training frequency at least 2-3 times a week. Therefore, the
implementation of such IPEPs could easily be introduced into recreational or professional training pro-
grams without hindering the training progressions of players and team members.

Conclusions
[

This study found biomechanical differences in knee and hip parameters following an injury prevention
intervention compared to a control group. Pre- and post-test observations also showed kinematic im-
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provements under pre-fatigue conditions and throughout temporal assessments during the BOSS. How-
ever, injury prevention exercise programs did not seem to induce any improvements in bipedal knee
joint kinetics.
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Appendix

Injury Prevention Exercises for the Intervention Group

This warm-up program aims to mitigate the disruptions caused by fatigue during soccer match-play.
The exercises implemented in the program consist of specific exercises designed to reduce the risk of
injury. The program is to be incorporated into the existing training regimen practiced by participants
for 15 consecutive sessions, followed by once-weekly sessions thereafter.

Component Exercise Distance Repetitions/Duration
Calf Stretch 30s each side
Quadriceps Stretch 30s each side
Flexibility Hamstrings Stretch 30s each side
Hip Adductor Stretch 30s each side
Hip Flexor Stretch 30s each side
Iliotibial Band Stretch 30s each side
Single-Legged Balance 2 x 15s each side
Single-Legged Balance with Upper Body Movement 2 x 15s each side
Balance .
Single-Legged Balance
with Partner Perturbation 2 x 15s each side
Double-Legged Squats 3 x 8-15reps
Single-Legged Squats Sreps each side
Strength Nordic Hamstrings Lowers Sreps
Plank 15s x 4reps
Side Plank 15s x 2reps each side
Squat Jump .
Plyometrics Multidirectional Single- Legged Hop 30s each s¥de
; 30s each side
Bounding 40-45m
Forward/Backward Jogging
- Diagonal Run and Cut 45m
Agility High Knee Skipping 35m 30s
High Knee Carioca 30s
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