International Journal of Technology 15(4) 1173-1182 (2024)
Received December 2023 / Revised January 2024 / Accepted February 2024

International Journal of Technology

http://ijtech.eng.ui.ac.id

Mechanical Loading of Anterior Cruciate Ligament in Different Strategies of
Stop-Jump Landing

Leili Mahdiehl, Shahram Lenjannejadiant*

1Faculty of Sport Sciences, University of Isfahan, Hezar Jerib, Isfahan 8174673441, Iran

Abstract. Knee and anterior cruciate ligament (ACL) are among the most injured parts of the body
during sports activities. Therefore, this study aimed to evaluate knee torque and mechanical stress
on ACL under various conditions of stop-jump landing, as well as identify risk factors for injury, and
propose improved strategies. The stop-jump landing was modeled using anthropometric and
kinematic data. Knee torque was calculated with the inverse dynamic method, and ACL stress was
determined using a Finite Element Model (FEM). Different landing strategies were simulated,
including variations in knee flexion at initial foot contact, as well as knee and hip angular
displacement. The results showed based on mechanical stress analysis, females (6.30 MPa) had a
higher probability of ACL injury compared to males (4.51 MPa). Increasing knee flexion at initial
contact caused decreased knee torque and approximately a 7% reduction in ACL stress.
Furthermore, increasing knee and hip angular displacement led to a decrease in knee torque, with
a reduction in ACL stress by 44% and 11% respectively. To reduce the risk of ACL injury, it is
recommended to increase knee flexion at initial contact as well as promote knee and hip angular
displacement during landing.
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1. Introduction

ACL injury is a common incident in sports activities, and numerous studies have
indicated that the primary cause is non-contact mechanisms (Renstrom et al., 2008). These
mechanisms often occur during activities such as rapid deceleration, lateral cuts, and
improper landings (Widuchowski, Widuchowski, and Trzaska, 2007; Majewski, Susanne,
and Klaus, 2006). Consequently, it is crucial to conduct biomechanical analyses of knee
injuries to gain a better understanding of the mechanisms, identify risk factors, and develop
prevention strategies (Pearle et al., 2017; Tsujii, Nakamura, and Horibe, 2017).

Previous studies have used various methods to examine the mechanisms of non-
contact ACL injury (Alentorn-Geli et al., 2009; Renstrom et al.,, 2008). In this context,
biomechanical factors in the sagittal plane, such as low flexion angles of knee and hip, play
a significant role. Among these factors, knee flexion angle reportedly has the largest
contribution to knee joint injury (Markstrom, Tengman, and Hager, 2023; Jeong, Choi, and
Shin, Chaudhari, and Andriacchi, 2021; Thomas et al., 2020). Studies have demonstrated
that the landing phase poses a higher risk of ACL injury compared to the take-off phase for
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both males and females. In particular, females have greater extension torque, less angular
displacement in knee and hip, and a higher maximum vertical ground reaction force
compared to males (Faltstrom et al., 2021; Soderman et al., 2020).

Biomechanical modeling is a viable method for obtaining kinetic and kinematic
parameters during movement analysis (Triwardono et al, 2021; Ahmad et al, 2020).
Therefore, several investigations have used this method in examining landings across
various sports, yielding consistent results with experimental studies (McErlain-Naylor et
al,2021; Taborri et al., 2020). A significant relationship was reported between the angular
velocity and hip flexion, the peak torque of knee extension, as well as the posterior and
vertical components of the ground reaction force. Based on the observations, increasing
knee flexion reduces the vertical force of the ground reaction and increases extensor torque
(Warrener, Tamai, and Lieberman, 2021; Biscarini et al., 2020; Kellis and Kouvelioti, 2009).
It was concluded that the primary cause of non-contact ACL injury was an increase in
ground reaction force at low knee flexion angles (Mohammadi-Orangi et al, 2021).

Although most previous investigations on sports movements have been experimental,
some also used modeling and simulation methods which are powerful tools in various
engineering studies (Asvial et al., 2023; Hamza et al., 2023). These methods have been used
to investigate joint kinematics, soft tissue deformations, stress and strain analysis, as well
as movement under specific loading conditions (Mirtavoosi et al, 2017; Pefia et al., 2006;
Moglo and Shirazi-Adl, 2003). Some studies have also explored injury mechanisms in sports
movements (Lin et al., 2009; Beillas et al, 2004). However, the dynamic responses of the
associated joints during intense activities or those entailing collisions, impacts, or strikes
have not been thoroughly investigated, with only a limited number of studies preferring to
use dynamic and finite element model (Lin et al, 2009; Shin, Chaudhari, and Andriacchi
2009; Beillas et al., 2004). These models have been used to investigate knee stress in some
contact situations, but the application for estimating knee loadings, moments, and stress
under different landing strategies is limited. Therefore, this study aimed to investigate the
relationship between knee joint torque and ACL stress with lower limb kinematics under
different stop-jump landing strategies. Strategies are frequently performed in sports and
are associated with a high incidence of non-contact ACL injury (Renstrom et al., 2008). Due
to the challenges associated with empirically analyzing various landing strategies,
biomechanical modeling was used to investigate the risk factors for ACL injury under stop-
jump landing simulations. Therefore, this study modeled landing phase of the stop-jump to
compare knee joint torque in males and females and investigate the distribution of stress
in ACL to compare the risk of injury under different landing strategies.

2. Methods

This study focused on landing phase of the stop-jump movement pattern. To achieve
the objective, two biomechanical models were developed. The first model was a multi-link
dynamic model used to calculate knee joint torque, while the second model was a finite
element model used to analyze stress distribution in ACL. Using these models, different
stop-jump landing strategies were simulated separately for both males and females. The
first strategy entailed modifying knee flexion angle at the moment of initial foot contact. In
the second strategy, the angular displacement of knee joint was altered during landing,
while the third strategy included changing the angular displacement of the hip.

2.1. Multi-Link Dynamic Model
To construct a dynamic model of the athlete, the limbs and body joints were
represented as rigid arms using the SimMechanics toolbox in MATLAB software (MATLAB
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R2010. Natick, MA: The MathWorks Inc). Anthropometric data provided the necessary
information for model properties such as limb length, mass, and moment of inertia. For
females, a model with an average height of 1.67 m and a weight of 559 N was created, while
for males, a model with an average height of 1.78 m and a weight of 728 N was used. The
data was based on anthropometric models described by a previous study and modified for
Iranian athletes according to literature (Sadeghi, Mazloumi, and Kazemi, 2015).

The dynamic model consisted of three rigid links representing the shank, thigh, and
HAT (head, arms, and trunk), as well as three hinged joints representing the ankle, knee,
and thigh. The model was considered two-dimensional in the sagittal plane (Caruntu and
Moreno, 2019). The inputs included the flexion angles of the hip, knee, and ankle joints at
the moment of initial foot contact with the ground, the amount of displacement in these
joints during the stop-jump landing, and landing time (Brown et al, 2008; Yu, Lin, and
Garrett, 2006). Using the inverse dynamic method, motion was simulated, and knee joint
torque was calculated during various stop-jump landing strategies. The torque values were
divided by the product of weight and height. This normalization was performed to eliminate
the influence of anthropometric properties on the results and facilitate comparison with
other studies.

2.2. Finite Element Model (FEM)

The precise geometry and location were obtained from MR images in the sagittal
section for soft tissues and from CT images in the transverse section for the bones. Initially,
the image specifications, including size and spacing, were determined. The images from
each section were processed to generate a three-dimensional geometric model of each knee
structure. These geometric models were further refined by smoothing, noise reduction, and
creating a shell model of the bones. Subsequently, knee joint structures were assembled
using CATIA (CATIA V5, Dassault Systemes). The 3D knee model was finally used in the
ABAQUS finite element software (SIMULIA, ABAQUS, Dassault Systemes) to analyze stress
distribution of the ACL under different landing strategies, using corresponding torque
input. In the finite element model depicted in Figure 1, the bones were considered rigid
bodies (Pefia et al., 2006; Beillas et al, 2004; Moglo and Shirazi-Adl, 2003) because the
stiffness of these structures is much greater than that of soft tissues. Meanwhile, the soft
tissues were modeled as deformable bodies. The two ends of ACL were connected to the
femur and tibia using a tie with surface-to-surface interaction, and the coefficient of friction
was set at 0.9 (Beillas et al., 2004). The femur was constrained in all six degrees of freedom,
while the tibia was allowed to rotate around the internal-external axis.

Figure 1 The finite element model was developed using ABAQUS software
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In the subsequent stage, the joint structures were meshed in preparation for analysis.
Details regarding mechanical properties, element types, and mesh types for each knee joint
structure are shown in Table 1 (Ruan et al,, 2008; Beillas et al.,, 2004). To complete the
analysis, the torque exerted on knee derived from the dynamic model, was applied as a load
input. The solution was then obtained using the explicit dynamic method, allowing for the
calculation of stress distribution in the ACL.

Table 1 Mechanical properties, element types, and mesh types for each knee joint structure

Knee joint Element type Density Poisson's Elastic modulus
structures (g/cm3) ratio (MPa)
Ligament 2-node linear 3-D truss 1 0.3 60
Meniscus  Solid Homogeneous, 4-node linear tetrahedron 1.5 0.45 250

Bone Rigid, 4-node 3-D bilinear rigid quadrilateral ---

ACL Solid Homogeneous,4-node linear tetrahedron 1.2 0.45 60

3. Results and Discussion

The results of the dynamic model present knee joint torque obtained from simulating
various stop-jump landing strategies. The kinematic data for both males and females were
separately input into the multi-link dynamic model. Knee joint torque was then determined
using the inverse dynamic method. As shown in Figure 2, the maximum normal torque of
knee joint was found to be 0.43 for females and 0.30 for males. The results showed a strong
correlation between torque values (r(13) = 0.949, p < 0.001), indicating similarity in overall
knee joint torques during landing despite significant differences in peaks between males
and females.
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Figure 2 Normalized knee joint torque in males (solid line) and females (dashed line)

Analysis of different landing strategies, depicted in Figure 3, showed that in the first
strategy, increasing the flexion angle of knee joint at the moment of initial foot contact led
to a decrease in the maximum torque for both males and females (Figure 3a). Furthermore,
these results showed a strong negative correlation between maximum knee joint torques
and angle of initial foot contact for both males (r(11) =-0.997, p < 0.001) and females (r(12)
=-0.999, p <0.001).

In the second strategy, as the angular displacement of knee joint increased, the
maximum torque initially decreased until a minimum value was reached. However, beyond
this point, an increase was observed (Figure 3b). An optimal value was identified for the
maximum angle of knee flexion. For females and males, this optimal value was determined
to be 40.5 degrees and 51.4 degrees, respectively. The results showed an overall strong
correlation between angular displacement of knee joint and the maximum torque for both
males (r(17) = 0.733, p < 0.001) and females (r(21) = 0.901, p < 0.001). Similarly, in the
third strategy, an analogous behavior was observed. As the displacement of the hip angles
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increased, the maximum torque of knee joint initially decreased until reaching a minimum
value and then increased. This led to the identification of optimal angles for maximum thigh
flexion. For females and males, these optimal angles were determined to be 101.3 degrees
and 107.3 degrees, respectively. The results also showed a strong negative correlation
between angular displacement of the hip joint and the maximum torque of knee joint for
both males (r(11) =-0.967, p < 0.001) and females (r(16) =-0.958, p < 0.001).
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Figure 3 Maximum knee joint torque values in different stop-jump landing strategies. In
the first strategy (a) knee angle at initial contact; in the second (b) the maximum knee
flexion angle; and the third strategy (c) the maximum hip flexion angle was changed. Solid
lines (-) represent males and dashed lines (- -) represent females

The FEM results illustrate the distribution of ACL stress derived from solving the finite
element model under different landing strategies. Using knee joint torque distribution
obtained from the dynamic model, a finite element model was used to simulate the joint
movement under the input torque. The result of this model determined stress distribution
in ACL for both males and females. The maximum stress was found to be 6.30 MPa for
females and 4.51 MPa for males. The temporal variation of the maximum stress distribution
in ACL is shown in Figure 4.
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Figure 4 Maximum stress distribution in ACL over time for males (solid line) and females
(dashed line)

Females experienced 1.40 times higher maximum stress than males, despite the overall
time series of landing being similar between the two groups and showing a strong
correlation (r(20) = 0.999, p < 0.001). The implementation of the finite element model
illustrated in Figure 5 aimed to assess stress distribution in various landing strategies,
showing that females had greater ACL stress than males. In the first strategy, stress
distribution was analyzed for two different angles of knee flexion at the moment of initial
foot contact. The maximum ACL stress at angles of 14° and 39° was 6.5 MPa and 6.1 MPa
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respectively (Figure 6a). In the second strategy, considering the maximum angles of knee
flexion during landing to be 24° and 41°, the maximum stress in ACL was recorded as 2.5
MPa and 1.4 MPa respectively (Figure 6b). In the third strategy, as the amount of hip
displacement increased, the maximum stress decreased. At maximum thigh flexion angles
of 39° and 46°, the maximum stress in ACL was measured as 8.4 MPa and 7.4 MPa,
respectively (Figure 6c). In all of these results, there were strong correlations between the
time series of ACL stress for two selected values of initial knee angle, knee displacement,
and hip displacement. The correlation coefficients were r(20) = 0.995, 0.771, and 1.000
with p < 0.001 for all three sets, respectively.

+1,447¢-03

Figure 5 Simulation of the finite element model and the distribution of von Mises stress in
ACL for (a) females and (b) males

Stop-jump landing is frequently executed in basketball and volleyball and is linked to a
high risk of ACL injury. The results show that gender differences in the kinetics of the lower
limbs are consistent with previous empirical studies. Based on the dynamic model, females
had greater knee joint torque than males, with a ratio of 1.43. According to mechanical
theories, the possibility of injury is proportional to the value of joint torque. This suggests
the risk of knee injury in females is higher than in males. Similarly, previous studies
reported that the rate of ACL injury in female players was more than twice the rate among
male players (Lin et al.,, 2009; Renstrom et al., 2008).
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Figure 6 The maximum ACL stress distribution over time in different stop-jump landing
strategies. In the first strategy (a), knee angles at initial contact are 14 (solid line) and 39
(dashed line). In the second strategy (b), the maximum knee flexion angles are 24 (solid
line) and 41 (dashed line). In the third strategy (c), the maximum hip angles are 39 (solid
line) and 46 (dashed line)



Mahdieh and Lenjannejadian 1179

According to previous studies, one of the effective factors in ACL injury is the low angle
of knee flexion (Alentorn-Geli et al., 2009; Renstrom et al., 2008; Yu and Garrett, 2007;
Pollard, Sigward, and Powers, 2007; Yu, Lin, and Garrett, 2006). This means that a decrease
in the angle of knee flexion at initial contact leads to more joint damage and consequently
ACL injury. The results not only showed the effect of the flexion angle on knee torque and
ACL stress but also demonstrated that the values of these parameters in females were
greater than in males. Based on the results, a lower flexion angle at initial contact leads to
a larger torque production in knee joint. Through biomechanical analysis of the lower limb
during drop landing, Yu et al. concluded that knee flexion angle was lower in females than
in males (Yu, Lin, and Garrett, 2006). On the other hand, Chapple reported that knee torque
in females during drop landing was higher, leading to the higher incidence of injury
(Chappelletal, 2002). The model presented in this study based on mechanical relationship
between flexion angle and kinetics of knee confirms and explains previous results.

Through empirical studies on the standing long jump, Yu and Garret concluded that the
large angles of knee and hip flexion during initial contact with the ground did not
necessarily reduce the forces from impact. The impact could be rather attributed to the
active movement of the joints (Yu and Garrett, 2007). This study, in simulating the second
and third strategies, not only confirmed previous results but also provided optimal angles
for maximum knee and hip flexion. In the standing long jump, the angular velocity of both
joints affects the vertical and posterior components of ground reaction force inversely. This
implies that as the angular velocity increases, the force component decreases. Meanwhile,
Podraza and White showed that the greater the ground reaction force during landing, the
greater the risk of non-contact ACL injury (Podraza and White, 2010). To reduce the ground
reaction force, the angular velocity of knee and hip joints must be increased. Considering
all ACL stress results were obtained at a constant landing time of 0.13 seconds, an increase
in the displacement of knee and hip flexion was identical to elevation in the angular velocity
in the two joints. Therefore, a decrease in the torque, as depicted in Figure 3, was in line
with the results.

The evaluation of the results obtained from the finite element model also confirmed
the validity for estimating ACL stress during landing. Stress decreased with an increase in
knee flexion angle at the initial contact of the foot. Therefore, ACL injury is affected by knee
flexion angle at the initial contact of the foot, as also reported in previous studies (Alentorn-
Geli et al., 2009; Renstrom et al., 2008; Yu and Garrett, 2007; Yu, Lin, and Garrett, 2006).
The results also showed that increasing the displacement of knee and thigh joints during
landing reduces stress on ACL and consequently mitigates the possibility of injury to the
ligament.

4. Conclusions

In conclusion, based on the results and previous empirical studies, the models
developed can be used as effective tools for predicting the probability of injury in various
landing strategies. From a technical and academic perspective, educators and stakeholders
should advocate for specific strategies aimed at reducing ACL injury. Strategies comprise
enhancing knee and hip biomechanics during landing tasks. Specifically, increasing knee
flexion at the moment of initial foot contact, improving knee flexion displacement, and
enhancing hip flexion displacement can help to reduce the risk of ACL injury. In general,
these strategies facilitate shock absorption during landing, which in turn decreases torque
on knee joint and subsequently lowers the risk of ACL injury in athletes.
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