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Introduction: Since people experience fatigue after anterior cruciate ligament injury during
exercises, it is important to understand how fatigue affects the biomechanical movement patterns.
Therefore, this study aimed to investigate the effect of fatigue on ground reaction force variables
during single-leg landing in athletes with a history of an anterior cruciate ligament sprain.
Methods: it was a case-control study conducted in the University Laboratory. The sample consisted
of 36 male athletes who were divided into three groups: 12 people with Anterior Cruciate Ligament
Reconstruction (ACLR), 12 people with Anterior Cruciate Ligament Deficiency (ACLD), and 12
people as the control group. Fatigue was induced via the repetitive sets of double-leg squats (n=8),
which were interspersed with the sets of countermovement jumps (n=2) and single-leg landings
(n=3) until squats were no longer possible. A 2×2 repeated-measures multivariate analysis of
variance was used to detect the main effects of group (ACLD, ACLR, control) and fatigue state
(prefatigue, postfatigue) on the ground reaction forces variables.

Keywords:

Results: The results showed a significant decrease in the peak vertical force and internal-external
ground reaction force in the ACLD group after fatigue. Regardless of the fatigue state, the peak
vertical ground reaction force in ACLD and ACLR groups was significantly lower than that in the
control group.

Injury, Fatigue, Anterior cruciate
ligament, Ground reaction force,
Knee joint

Conclusion: The athletes with the ACL injury, regardless of the selective treatment type, use
compensatory strategies to reduce the contact forces on the lower extremity, compared with
healthy athletes.
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Introduction

he knee joint is one of the most prevalent
parts of the body that gets injured because of
its complex anatomy and the functional demands imposed on it. The annual incidence
of Anterior Cruciate Ligament (ACL) tear
caused by exercise is 2 to 5 per 10000 people. However,
in some countries, almost 50% of ACL injuries are treated
without surgery. Therefore, the annual prevalence of injury
is probably higher than that reported [1, 2]. Epidemiologic
research shows that almost 70% of ACL injuries are noncontact and usually occur when the athlete is doing pivoting, rotating, cutting, jump-landing, and sudden acceleration decrease maneuvers [1-4].
Numerous research studies have been conducted to
determine the risk factors of the ACL injury. In general,
the risk factors of the ACL injury include environmental
factors, such as playing grounds and friction between
the shoes and surface [5]; athlete’s anatomical situation, such as slit stenosis between femoral condyles
[6, 7]; hormonal levels, such as the increased levels of
estrogen in women [8]; and athlete’s neuromuscularmechanical factors, such as muscle reaction time, muscle strength, the kinematics and kinetics of joints, and
neuromuscular fatigue [6, 9]. Since neuromuscular-mechanical factors are modifiable, most research has been
focused on these factors.
Fatigue is a phenomenon that is often recognized as a
risk factor of the ACL injury in sports. It is defined as a
decrease in the ability of the muscles to generate power
and is a common and natural phenomenon in high-intensity sports [10]. According to the available literature,
lower extremity fatigue can increase the risk factors of
the ACL injury in athletes [5-9, 11, 12].
Ground Reaction Force (GRF) is an important kinetic
parameter in the biomechanical studies of the lower extremity. This parameter has been considered in many
experimental studies as an approximate index of external loading experienced by the human body [13].
In healthy individuals, the heightened posterior GRF
during exercises increases ACL loading by enhancing
the quadriceps muscle contraction. The posterior GRF
causes the flexion torque in the knees; this torque needs
to be balanced with the extension torque produced by
the quadriceps muscles. Quadriceps muscle contraction increases the anterior shearing force at the end of
proximal tibia via the patellar tendon. The greater the
posterior GRF, the higher the quadriceps muscle force
that increases the ACL loading [14-17]. The results of
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Cerulli et al. study showed that the maximum strain applied to the ACL would occur at the peak of the vertical
contact GRF, immediately after the initial contact of the
foot with the ground [15]. Also, Yu et al. showed that
the peak vertical and posterior contact GRF would occur
simultaneously [18].
Regarding the effects of fatigue on GRF, the results of
Madigan et al. (2003) and Timothy et al. (2014) have
demonstrated a significant decrease in the vertical GRF,
after fatigue [19]. A decrease in the maximum values of
GRF is often justified by the articular kinematics changes, such as femur and knee flexion angles when the foot
contacts with the ground during landing [20, 21]. On the
other hand, the results of Boham et al. (2013) showed
that the fatigue would increase the GRF in all directions,
but it mostly affects the anterior-posterior GRF component. The anterior-posterior GRF aimed to prevent the
proximal tibia anterior shear force. Fatigue can be a
dominant risk factor for ACL injury [22].
An increase in the vertical GRF during landing disturbs
the knee joint and potentially increases the risk of ACL
injury. At the initial contact, The body is unable to absorb contact forces using active structures (such as muscles), thus, the risk of injury is exacerbated at this point.
The risk of ACL injury increases after fatigue because
fatigue reduces the neuromuscular function and leads
the passive structures (such as ligaments and articular
capsules) to absorb the shock. These changes eventually put the person at the risk of injury after an exhausting activity [22, 23].
The literature review shows conflicting results for the
effects of fatigue on GRF. To the best of our knowledge,
little information is available about the effects of fatigue
on the GRF variables in athletes with a history of ACL
injury. Undoubtedly, more knowledge on knee joint
control during functional activities is necessary for the
better design of rehabilitation programs. Therefore, the
present research aimed to investigate the effect of fatigue on lower extremity kinetic indices, including the
peak vertical, mediolateral and anteroposterior GRF, the
time to peak vertical force, and the loading rate of vertical force in athletes with a history of an ACL tear that
underwent surgical and non-surgical treatment.

Materials and Methods
Study Participants
It was a case-control study. The study population comprised male athletes aged 18 to 30 years, who had suffered
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Figure 1. Single-leg vertical top landing
A. Preparation phase; B. Landing phase

from ACL tear over the past 3 years, and received both surgical and non-surgical treatments. Thirty-six athletes were
selected from the population, as the study sample: 12
athletes with Anterior Cruciate Ligament Reconstruction
(ACLR), 12 athletes with Anterior Cruciate Ligament Deficiency (ACLD), and 12 healthy athletes. Considering the
statistical power of 0.80 and the alpha value of 0.05, the
sample size was estimated by using STATA software. Also,
the mean and standard deviation of the main research
variable (GRF) in the study population and sample were regarded for the repeated measures research design [4, 24].
The inclusion criteria for both groups of ACL injury (ACLR
and ACLD) were as follows: the passing of 18-36 months
since ACL reconstruction or conservative treatment, the
age ranged 18-30 years, the completion of the rehabilitation period, and returning to moderate-to-high exercise
activity. Also, the exclusion criteria for both groups (ACLR
and ACLD) were as follows: lower extremity surgery other
than ACL reconstruction; lower extremity injury after ACL
reconstruction; bilateral injury; the injury of other knee ligaments, including medial cruciate ligament, lateral cruciate
ligament, and posterior cruciate ligament; and other injuries in the lower extremity (patellofemoral pain syndrome,
ankle sprains, etc.) The participants in the control group
had no history of a knee injury and were matched with the
participants of both injured groups in terms of age range
and the level of physical activity [24-26].
Athletes with a history of ACL tear were selected concerning the inclusion and exclusion criteria and with the
permission of the orthopedic surgeon. The ethical permission of the research was obtained from the Research Eth-

ics Committee of the Sport Sciences Research Institute of
Iran. After writing the informed consent by all participants,
their demographic information (age, athletic background,
athletic field, and the time passed since the injury or ACL
surgery) was recorded in the data collection form.
Study Intervention
In this research, a functional fatigue protocol was used to
induce fatigue in the participants; the protocol had been
applied in previous research studies [26-28]. First, the procedure was described to the participants, then, the baseline measurements (before fatigue) were performed. Next,
the participants warmed up for 10 to 15 minutes. Thereafter, they performed the fatigue protocol that included
the repetitive sets of eight 90-degree knee flexion squats,
two vertical jumps with maximum power, and three singleleg landings from a 30-cm height box on the force plate
device. The repetitive sets were performed until the participants could no longer perform five consecutive squats
with 90-degree knee angles. The number of squats that the
participants could perform was unlimited. Borg scale was
used to measure the level of fatigue in the participants;
this mental scale ranges from 6 (no perceived pressure) to
20 (maximum perceived pressure) for fatigue grading [23].
In the present study, the single-leg drop landing technique
was used to investigate the GRF variables (Figure 1). The
participants were asked to stand on top of a box at a height
of 30 cm and perform the vertical single-leg drop landing
on the force plate device.
In the present study, the force plate (AMTI, USA, 2000
Hz) was used to collect data on GRF and its variables,
including the maximum value of the vertical, anteropos-
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terior and mediolateral GRF components, the time to
peak vertical force, and vertical loading rate. The data
were also extracted by the motion analysis system (Cortex software), and Excel 2013 was used to analyze the
force data. The sampling frequency of 2000 Hz was selected. To filter the raw data, the low-pass Butterworth
filter technique with the shear frequency of 20 was
employed; the shear frequency was determined using
residual analysis technique [29]. The components of
the peak GRF were normalized via dividing over participants’ weight and were expressed as a ratio of the body
weight (%BW). Then, the mean values of the three successful landings before and after fatigue were used to
calculate the time to peak force that is the time interval
between the contact of the first leg with the force plate
and the peak time of vertical GRF during landing.
Statistical Analysis
Descriptive and inferential statistical methods were
used to analyze the collected data. The Shapiro-Wilk
test was used to investigate the normalization of data
(because of the higher accuracy of this test, compared
with the Kolmogorov-Smirnov test). The main effects,
including fatigue (before and after fatigue), group
(ACLR, ACLD, and control), and fatigue-group interaction were investigated using repeated measures Multivariate Analysis of Variance (MANOVA).

Next, the paired samples univariate t-test, One-Way
Analysis of Variance (ANOVA), and Tukey posthoc test
were used to determine the within- and betweengroups differences. The effect size index was also calculated for significant within- and between-groups
differences. It is worth noting that data analysis was
performed at the significance level of 95% and the alpha level of less than or equal to 0.05. All the statistical
analyses were performed in SPSS V. 20.

Results
Table 1 presents the mean and standard deviation of
the demographic characteristics of the study sample.
According to Table 2, the results of repeated measures
MANOVA shows a significant group effect. This result
shows a significant difference in GRF between the study
groups, but the effect of fatigue and fatigue-group interaction is not significant. Therefore, fatigue did not
significantly affect the GRF. The insignificant interaction
effect of fatigue in the group showed a significant difference between the groups, regardless of fatigue state
(before and after fatigue). Afterward, the dependent ttest and the one-way ANOVA were used for within- and
between-group comparisons (Figures 2-6).
Table 3 shows the mean variables of GRF before and
after fatigue in the study groups. As can be seen, only
the components of peak vertical and mediolateral GRF
reduced significantly after fatigue, in the ACLD group.

Table 1. Descriptive Statistics of the demographic characteristics of the study sample

Mean±SD

Variabels

P

ACLD

ACLR

Control

Age (y)

24.5±2.32

23.83±5.49

24.92±2.81

0.78

Height (cm)

174.5±4.62

175.25±4.78

175±5.23

0.77

Mass (kg)

75.25±7.13

76.45±5.93

74.75±7.5

0.65

Months since surgery or initial injury

23.25±6.95

23.75±6.3

NA

Table 2. Repeated measures multivariate analysis of variance
Effects

P

F

Effect Size

Group

0.015*

2.51

0.31

Fatigue

0.67

0.63

0.1

Interaction

0.31

1.20

0.18

* Significant effect
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Table 3. Comparing GRF variables before and after fatigue (Within-group comparison)

Variables

Mean±SD

Group

Pre-fatigue

Post-fatigue

ACLD

2.69±0.3

2.55±0.18

ACLR

2.70±0.18

2.81±0.31

Control

3.01±0.4

2.99±0.37

ACLD

1.32±0.17

1.32±0.18

ACLR

1.36±0.13

1.37±0.12

Control

1.52±0.21

1.52±0.20

ACLD

0.43±0.11

0.40±0.08⃰

ACLR

0.51±0.09

0.48±0.08

Control

0.52±0.1

0.51±0.08

ACLD

84.02±12.9

83.67±6119.2

ACLR

78.30±11.9

78.71±7.31

Control

80.96±18.7

78.8160±14.6

ACLD

0.033±0.008

0.032±0.009

ACLR

0.035±0.006

0.036±0.005

Control

0.039±0.01

0.040±0.01

PVGRF (BW%)

PA-PGRF (BW%)

PM_LGRF (BW%)

TTP VGRF (ms)

LR (N/ms)

⃰

PVGRF: Peak Vertical Ground Reaction Force; PA-PGRF: Peak Anterior-Posterior Ground Reaction Force; PM-LGRF: Peak Mediolateral
Ground Reaction Force; TTP VGRF: Time To Peak Vertical Ground Reaction Force; LR: Loading Rate; ACLD: Anterior Cruciate Ligament Deficient; ACLR: Anterior Cruciate Ligament Reconstructed; BW: Body Weight
* Significant effect

In this group, the effect size index for the within-group
changes of peak vertical and mediolateral GRF was
equal to 0.29 and 0.33, respectively. In the ACLR and
control groups, there was no significant difference between the GRF variables before and after fatigue.
As can be seen in Table 4, there were significant differences between the ACLD and control groups in the
peak vertical and anterior-posterior GRF (regardless of
the fatigue state) and the peak mediolateral force after

fatigue. Also, the ACLR and control groups significantly
differ in the peak vertical force before fatigue. Compar4
ing3.5 the mean of the groups, it is found that the peak
P = 0.024*.
P = 0.004*.
vertical,
anterior-posterior, and mediolateral GRF of the
3
2.5
ACLD
group and the peak vertical GRF of the ACLR group
2
were
significantly less than that of the control group.
1.5
The1 effect size index for all the significant between0.5
group
variables was higher than 0.9.
0
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Figure
1.4 2. Comparing the peak vertical GRF before and after fatigue
1.2
between
study groups
1

P = 0.01*.
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Figure
3. Comparing the peak anterior-posterior GRF before and
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Figure 4. Comparing the peak mediolateral GRF before and after
fatigue between study groups

Pre-fatigue

Post-fatigue
ACLd

ACLr

Control

0.06

Figure 5. Comparing the time to peak vertical GRF before and after
0.05
fatigue between
study groups
0.04

23, 30, 31], while others indicate a decrease [19, 32, 33] in
0.03
peak GRF, after fatigue.

Discussion

0.02

The ground contact mechanism of the body subjects loading to the musculoskeletal system during activities, such as
running, skipping, and jump-landing. GRF is often used as an
indicator of the musculoskeletal system in contact with the
ground. Since the size of GRF can be 2 to 8 times of the body
weight during activities, such as running and jump-landing,
the human body must actively control the ground contact to
minimize the potential adverse effects. Constant use of muscular forces is required to actively control the ground contact through mechanisms, such as the adjustment of body
stiffness and the torsion of joint regulation. Muscles are activated before
the contact (pre-landing muscle activity) and
120
in response
to
the conditions experienced during landing
100
(post-landing muscle activity). Prolonged physical activities
80
lead to muscle fatigue, and consequently, the inability to
60
properly control the contact. Injuries caused by running and
40
landing, such
as ACL injury, occur due to the inappropriate
control of 20ground contact and fatigued muscles [13]. Consid0
ering the effect
of fatigue as a risk factor for the variables of
Pre-fatigue
Post-fatigue
the GRF, the research shows inconsistent
results for healthy
Control
and injured individuals. Some studies show an increase [22,
ACLd

ACLr

ACLd

ACLr

0.06
0.05
0.04
0.03
0.02
0.01
0

Pre-fatigue

Post-fatigue
Control

Figure 5. Comparing the Loading Rate of Vertical GRF Before and After Fatigue Between Study Groups

Table 4. Tukey Test Results, Comparing the GRF Variables Between Study Groups Before and
After6.
Fatigue
(Effect size) the loading rate of vertical GRF before and
Figure
Comparing
after fatigue between study groups
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0.01
The results
of the present study showed that the peak
vertical and
mediolateral GRF in the ACLD group de0
Pre-fatigue
Post-fatigue
creased (6% and 8%,
respectively)
significantly
after faACLd
ACLr
Control
tigue. The peak vertical and anterior-posterior GRF (reFigure 5. Comparing the Loading Rate of Vertical GRF Before and After Fatigue Between Study Groups
gardless
of the fatigue state), and the peak mediolateral
Table 4. Tukey Test Results, Comparing the GRF Variables Between Study Groups Before and
GRF
after fatigue in the ACLD group were significantly
After Fatigue (Effect size)
lower than in the control group. Also, the peak vertical GRF of the ACLR group was significantly lower than
that of the control group, before fatigue. Fatigue had no
significant effect on the time to peak vertical force and
force loading rate.

Despite extensive research, no study has investigated
the effect of fatigue on GRF variables in the athletes
with the ACL tear (ACLD or ACLR). However, a significant
decrease in vertical and mediolateral GRF in the ACLD
group was consistent with Madigan et al. (2003), Kernozek et al. (2008), Smith et al. (2009), James et al. (2010),
and Saya et al. (2016) study results. According to Madigan et al., the decrease in peak vertical GRF is associated with the efforts of individuals to change the landing
strategy, thus, the contact forces would be reduced in
athletes with ACL. It is suggested that a neuromuscular
protective mechanism modifies the kinematic features
and lower extremity stiffness to regulate the contact
forces [19]. Niland et al. (1994) and James et al. (2010)
believed that muscular contact mechanisms control the
GRF in fatigue conditions. As a result, the potential reduction of power in the motor units leads to a decrease
of stiffness, which is involved in the adaptability of textures [22, 34]. Kernozek et al. (2008), Smith et al. (2009),
and Saya et al., reported a decrease in the vertical GRF
after fatigue [4, 32, 33]. The increase in knee flexion
angle after fatigue can probably decrease the peak vertical GRF in ACLD athletes. knee flexion, as an impor-
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Table 4. Tukey test results, comparing the grf variables between study groups before and after fatigue (effect size)

Variables

PV GRF

PA-P GRF

PM-L GRF

Groups

P
Pre-fatigue

Post-fatigue

ACLD-ACLR

0.99

0.09

ACLD-Control

0.04 (0.91)*

0.003 (1.62)*

ACLR-Control

0.05 (1.06)*

0.33

ACLD-ACLR

0.78

0.76

ACLD-Control

0.022 (1.11)*

0.02 (1.11)*

ACLR-Control

0.1

0.1

ACLD-ACLR

0.21

0.6

ACLD-Control

0.15

0.01 (1.37)*

ACLR-Control

0.97

0.76

* Significant between-group difference; the effect size
tant part of the landing stage, absorbs energy through
the eccentric contraction of hamstring and quadriceps
muscles and reduces the strain applied to ACL. Also, a
decreased peak of mediolateral GRF after fatigue can be
an attempt to reduce the knee valgus and reach a neutral state in the ACLD group.
Fatigue had no significant effect on the peak GRF in
the ACLR group. This was consistent with the results of
Barnet et al. (2014) and inconsistent with the results of
Parsa et al. (2015) and Timothy et al. (2014). In the study
of Barnet et al. (2014), fatigue did not significantly affect
vertical GRF in women with ACL reconstruction [30].
Conversely, Parsa et al. (2015) reported that the soccerspecific fatigue protocol significantly increased vertical
and anterior-posterior GRF [31]. The different types of
applied fatigue could lead to the inconsistency of our
results with the results of Parsa et al. Because of reconstruction, The response to fatigue in athletes with ACLR
is similar to the response in healthy athletes.

fatigue. The peak vertical force of the ACLR group was
lower than that of the control group (by 10%) before
fatigue. The results of this section are consistent with
the results of Radolf et al. (2001), Vairo et al. (2008),
and Kristian et al. (2015). In the study of Radolf et al.
(2001) and Vairo et al. (2008), the peak vertical GRF in
ACLD subjects was significantly lower than in the control
group [24]. Vairo et al. (2008) stated that soft landing
reduced the peak vertical GRF and increased the knee
flexion angle. The soft landing is an attempt to reduce
the risks of further damage to a previously injured or
reconstructed joint [35]. Also, Kristian et al. showed
that the peak vertical GRF in the injured limbs of individuals with ACL reconstruction was lower than in the
healthy limbs. These researchers attributed the difference of landing GRF to the reasonable compatibility
that is based on the individual’s needs and the motor
experience of the affected individuals during or after rehabilitation. Changes in the sensory-motor control of individuals with ACL might justify the difference in forces.

A significant difference was observed between the
ACLD and control groups in the peak vertical and anteroposterior GRF (regardless of fatigue state) and the
peak mediolateral force after fatigue. The peak vertical GRF of the ACLD group was lower than that of the
control group by 10% and 14% before and after fatigue,
respectively. Also, the peak anteroposterior GRF of the
ACLD group was lower than that of the control group by
13% before and after fatigue. Moreover, the peak mediolateral GRF of the ACDL group was lower than that of
the control group by 17% before fatigue and 26% after

The neuromuscular features in the injured or surgically treated limbs are different from those in healthy
limbs. The participants of the ACLD and ACLR groups
use compensatory strategies (such as increased hip and
knee angles, decreased muscle activity, etc.) to reduce
the contact forces imposed on the body. These compensatory strategies show the protective compatibility
for preventing excessive strain on the injured or surgically treated ACL. Compared with the control group, the
lower peak anterior-posterior GRF in the ACLD group
could be an attempt to reduce the anterior shear force
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of the proximal tibia because research has shown a relationship between increased anterior-posterior GRF and
increased proximal tibia anterior shear force [14, 22].
According to the findings of the present study, it
seems that athletes with ACLD (compared with healthy
athletes) use the protective strategy with a decrease of
peak GRF to deal with fatigue and prevent further injury
to the knee joint. Although the peak vertical GRF in the
ACLR group was significantly lower than in the control
group before fatigue, fatigue had no significant effect on
the peak GRF in ACLR athletes. Therefore, it seems that
the response of ACLR athletes to fatigue is similar to
that of the healthy athletes (probably because of reconstruction). It is worth noting that the effect size index for
the significant inter-group differences was higher than
0.9, which is a large effect following Cohen’s scale.

Conclusion
Regardless of the fatigue state, the landing strategies
in ACLR and ACLD athletes (especially ACLD athletes),
compared with the healthy athletes, was such that it
reduced the contact GRF to prevent further damage to
the knee joint. Thus, the rehabilitation specialists are
suggested to pay special attention to soft landing strategies and give the required tips to the athletes with ACL
injury about soft landing during rehabilitation programs
(such as increasing hip and knee angles during landing,
verbal feedback, landing on the ball, and so on).
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