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Abstract

This study aimed to investigate the impact of partial rupture of the anterior cruciate
ligament (ACL) on the stress distribution within the meniscus and cartilage of the knee
joint using finite element analysis. The findings provide a theoretical foundation for the
clinical prevention and treatment of ACL injuries. The anteromedial bundle of the ACL is
crucial for maintaining valgus stability in the knee during standing with the knee in
extension. A reduction in valgus or rotational stability leads to a redistribution of stress
within the joint, making the meniscus, as a cushioning structure, more susceptible to
injury. Consequently, in sports requiring high knee rotational stability, clinicians should
be vigilant for potential secondary meniscal injuries, particularly involving the
anteromedial bundle, and consider early clinical intervention to mitigate further
damage.
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1. Introduction

The anterior cruciate ligament (ACL) is one of the primary ligamentous structures connecting
the tibiofemoral joint, the main weight-bearing joint in the human body. The ACL plays a critical
role in maintaining the anterior-posterior and rotational stability of the tibiofemoral joint,
particularly during complex and high-speed movements such as knee flexion, semi-squatting,
rapid acceleration, and sudden stops or turns. Additionally, due to its lower tensile strength
compared to the posterior cruciate ligament, the ACL is more susceptible to injury, with a
damage rate exceeding 50% in various knee injuries. ACL rupture is a common sports-related
injury, with a high incidence in athletic competitions [1]. Notably, the annual incidence of ACL
tears among athletes participating in sports programs is as high as 68.6 per 100,000 individuals
[2]. ACL injuries compromise knee stability, alter knee movement patterns, and increase
tension in the hip flexors [3]. Clinically, acute ACL injuries are frequently complicated by
concomitant injuries to the medial meniscus and/or medial collateral ligament, while medial
meniscus lesions often develop secondary to chronic ACL injuries [4]. In patients with ACL
injuries, internal rotation of the tibia accompanied by posterior medial bone edema of the tibial
plateau has been associated with unstable meniscal slope lesions [5]. Furthermore, the risk of
failure in medial meniscus repair surgery is relatively higher compared to lateral meniscus
repair [6]. A comprehensive understanding of the characteristics and influencing factors of ACL
rupture and meniscal injuries can facilitate the development of effective preventive measures
to reduce the risk of meniscal injuries and osteoarthritis.
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In recent years, various computational models of the normal knee have been developed to
predict the biomechanical behavior of the joint [5], [6], [7], [8], [9]- These studies have primarily
focused on the effects of complete ACL rupture on various components of the knee joint.
However, partial ACL rupture is frequently observed in clinical practice. PARK et al. [10]
reported that arthroscopic examination of 76 patients with ACL injuries revealed selective
bundle rupture in approximately one-third of the cases, with three-quarters of these patients
exhibiting rupture of the anteromedial bundle and one-quarter exhibiting rupture of the
posterolateral bundle. This knowledge gap raises concerns about potential overtreatment in
current surgical paradigms [11], particularly given the controversy surrounding reconstruction
indications for partial tears. While ACL reconstruction effectively prevents secondary injuries
in complete ruptures [12], the biomechanical consequences of partial ACL deficiency on
meniscocartilaginous load distribution remain poorly characterized.

The aim of this paper is to address this critical knowledge gap through development of a muscle
action finite element model of the knee joint. We hypothesize that partial ACL rupture induces
distinct stress redistribution patterns in the menisci and articular cartilage, creating
biomechanical environments conducive to progressive tissue degeneration and secondary
injury development. By quantifying load transfer alterations across different ACL injury
subtypes, our findings will provide mechanistic insights to optimize treatment strategies for
partial ACL injuries.

2. Methods

2.1. Materials

Computed tomography (CT) imaging data of the right knee joint from a 30-year-old healthy
adult male (with no history of knee-related diseases) were obtained from the Department of
Joint Surgery at the Second Hospital of Shandong University in March 2024. The scanning area
encompassed 10 cm above and below the knee joint, resulting in 350-layer CT images with a
slice thickness of 0.625 mm. The imaging data were acquired in DICOM format.

A

Fig 1. The process of 3D modeling of the knee joint. (A) Diagram after bone trimming, (B)
Diagram after bone smoothing, (C) Model of knee joint, (D) Model of knee muscles
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2.2. Finite Element Modeling
2.2.1. Construct the Three-dimensional Model of the Knee Joint

The two-dimensional (2D) CT image data in DICOM format were imported into Mimics 21.0
software (Materialise, Belgium). An appropriate threshold range was selected to identify bony
structures based on the grayscale values of the image data. A region-growing algorithm was
employed to generate a 2D digital model of each tissue structure, followed by 3D reconstruction
to construct the 3D model. The 3D model of the knee joint skeleton was successfully generated
from the CT image data. The surface of the initial 3D model was relatively rough and was refined
using the Magics function within Mimics 21.0 software. The results of the refinement are
illustrated in Fig. 1A.

CcT
Mimics Geomigic Solidworks
MRI
Pass
Hypermesh Abaqus szgll?éii?e End

Fail
Fig 2. low of 3D modeling of knee joint

2.2.2. Smooth Processing of 3D Models of Knee Joints

The 3D model generated in Mimics 21.0 was characterized by a lamellar structure. To further
optimize the model, STL format files of each tissue structure of the knee joint were imported
into the reverse engineering software Geomagic Wrap 2021 (3D Systems, Inc., USA). The repair
tool within the software was utilized to eliminate defects in the model and optimize its
geometry. The smoothness and physical plausibility of the final model were ensured by
applying the surface fitting command. After optimization optimization, the 3D models of bones
and muscles were saved in STP format for subsequent finite element analysis. The results are
shown in Fig. 1B.

2.2.3. Construction of Meniscus, Cartilage, Ligaments and Muscles

The generated STP format files were imported into SolidWorks software (Dassault Systémes,
Inc., USA) for further processing. Due to significant distortion in the meniscus extracted from
the imaging data, a complete model of the medial and lateral meniscus of the knee was
reconstructed based on the extracted meniscus contour and its morphological features.
Additionally, a 3D model of the muscles surrounding the knee was created. In Mimics software,
the "threshold" setting was optimized by adjusting the range of grayscale values to achieve
effective separation of the bone and its surrounding tissues. The contour lines of cartilage and
ligament tissues within the selected grayscale range were automatically marked, and the knee
joint structures were manually delineated according to different sequences of image data, in
conjunction with the physical morphology of human specimens, to ensure the authenticity and
accuracy of the model. Two-dimensional images of the femoral cartilage, tibial cartilage, fibular
cartilage, patellar ligament (PL), anterior cruciate ligament, posterior cruciate ligament (PCL),
medial collateral ligament (MCL), and lateral collateral ligament (LCL) were constructed
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separately. Different regions were segmented using a region-growing algorithm, and edge
detection, selective editing, and hole filling were performed on each layer of the image to
remove redundant data. Based on this, the 3D geometric model of the human knee joint was
constructed using 3D computing technology. The detailed process of model construction is
illustrated in Fig. 2.

2.2.4. 3D Model Meshing

Each tissue structure of the knee joint was exported as an STP file from Geomagic Wrap 2021
software and imported into Hypermesh 2020 software (Altair, USA) for geometry cleanup. In
Hypermesh software, the soft tissues, muscles, bones, and ligaments of the knee joint were
meshed, with mesh types selected and mesh quality verified. Bones and ligaments were meshed
using tetrahedral elements of type C3D10M, with mesh sizes of 5 mm for the femur, tibia, and
fibula, 3 mm for the patella, and 1 mm for the ligaments. Soft tissues and muscles were meshed
using tetrahedral elements of type C3D4, with a mesh size of 6 mm.

Based on the above methodology, a model of the knee joint in extension (Fig. 1C) as well as a
model of the knee muscles (Fig. 1D) were constructed. Each knee model represented four
different anterior cruciate ligament states (Fig. 3), specifically: intact ACL, ruptured posterior
lateral bundle of the ACL, ruptured anterior medial bundle of the ACL, and complete absence of
the ACL.

Fig 3. Knee models with intact ACL and varying degrees of damage to the knee joint. (A) Intact

anterior cruciate ligament, (B) Rupture of the posterior lateral bundle of the anterior cruciate

ligament, (C) Rupture of the anterior medial bundle of anterior cruciate ligament, (D) Missing
anterior cruciate ligamen

2.2.5. Defining Structural Properties

The material properties of each knee joint structure significantly influence the outcomes of
finite element analysiswhen studying the biomechanical properties of knee ligaments. To
ensure the validity of the results, the mechanical material properties of each knee joint
structure were derived from prior literature [13]. Bone material was modeled as rigid, as bone
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tissue deformation is negligible in practice. The elastic modulus was set to 17,000 MPa,
Poisson's ratio to 0.3, and density to 1,900 kg/m?>. Muscle tissue itself has a strong tensile ability,
the ability to carry compressive loads is very limited, so muscle tissue according to their own
muscle fiber direction is more orthogonal anisotropy [15], that is, along the direction of the
muscle fibers more muscle stretching ability, perpendicular to the direction of the muscle fibers
more muscle compression ability, muscle is defined as Holzapfel superelastic material,C10=0.6
kPa,k1=0.4 MPa,k2=35,k=0.28,and density to 1,600 kg/m?>. Joint soft tissues and ligaments
were defined as superelastic materials [15], with the Neo-Hookean model selected. The Neo-
Hookean function is as follows [13]:

p=2m(f) + (L -3) + K@ 1)

where C, is Neo-Hooke's constant and % is the Bulk Modulus.

Table 1. Soft tissue and ligament material properties of the knee joint

Tissue structure C, D Density(kg/m?3)
Soft tissue 0.00347 12.4 1100
ACL 1.95 0.00683 1000
PCL 3.25 0.0041 1000
LCL 1.44 0.00126 1000
MCL 1.44 0.00126 1000

2.2.6. Boundary Conditions, Loads and Validation

In this knee model, the meniscus, articular cartilage, and surrounding muscle tissue were
integrated into homogenized soft tissue, while preserving the bone and ligament structures.
The femur remained unconstrained, while motion control of the tibia was achieved by
constraining its three translational degrees of freedom and flexion degrees of freedom [16].The
anterior and posterior corners of the meniscus were connected to the tibial plateau, and the
ends of each ligament were attached to the femur, tibia, and fibula, respectively. In this study,
frictional contacts with a coefficient of 0.2 were assumed at 16 potential contact regions,
including the lower surface of the femoral cartilage, the upper surface of the tibial cartilage, the
upper and lower surfaces of the medial and lateral meniscus, and the surfaces of four ligaments
[13]. Contact simulation was performed using the generalized contact algorithm in ABAQUS
[17].

Based on GROOD et al. [18], a local coordinate system for the knee joint was established, with
the midpoint of the femoral condylar line as the origin. The X, Y, and Z axes defined flexion,
internal /external rotation, and translational motions in six degrees of freedom. The midpoint
of the femoral condyles served as the reference point, with all coupled femoral surface nodes
located here, facilitating force application and data extraction for dynamic calculations. The
anterior drawer test, a key clinical method for assessing knee ligament laxity and health [19],
was used to validate the finite element knee joint model. This involved fixing the distal
tibiofibular bone and applying a 134 N posterior thrust force to the femoral reference point to
simulate the anterior drawer test. Knee joint model validation: Under a 134 N posterior thrust,
the femur exhibited an anterior-posterior displacement of 4.53 mm, consistent with findings
from Pefia et al.[13], Gabriel et al. [20], who used cadaveric experiments and finite element
models. The peak stresses in the anterior cruciate ligament, posterior cruciate ligament, medial
collateral ligament, and lateral collateral ligament were 18.38, 8.20, 3.45, and 1.18 MPa,
respectively. Ligament stress analysis revealed that the ACL experienced higher stress loads
compared to other major ligaments, with peak stresses occurring at the tibial and femoral
attachment sites. This aligns with clinical findings that the ACL primarily prevents anterior
tibial displacement and that knee ligament injuries are predominantly localized at the bony
attachment sites [21], [22].
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1) Under the bone model, 750N longitudinal load was applied to the tip of the femur;
2) Under the muscle model, 750N longitudinal load was applied to the tip of the femur;

3) Under the bone model, a 750N longitudinal load and a 134N anterior thrust behind the tibia
were applied to the tip of the femur;

4) Under the muscle model, a 750N longitudinal load and a 134N anterior thrust behind the
tibia were applied to the tip of the femur.

3. Results

3.1. Stress Distribution Contrast in Knee Joint: Bone vs. Muscle Models Under
750N Loading

Under the bone model, a 750N longitudinal load applied to the tip of the femur resulted in the
following stress distribution in the knee cartilage and meniscus: With an intact ACL, the peak
stresses in the femoral and tibial cartilage were located in the medial anterior corner, while the
peak stress in the meniscus was observed in the lateral anterior corner. When the posterior
lateral bundle of the ACL was ruptured, the peak stress in the femoral cartilage shifted to the
middle of the lateral side, while the peak stress in the tibial cartilage remained in the medial
anterior corner. The peak stress in the meniscus was observed in the medial anterior horn.
When the anterior medial bundle of the ACL was ruptured, the peak stresses in both the femoral
and tibial cartilage were located in the medial anterior horn, and the peak stress in the meniscus
was observed in the lateral anterior horn. In the absence of the ACL, the peak stresses in the
femoral and tibial cartilage were located in the medial anterior horn, and the peak stress in the
meniscus was observed in the lateral anterior horn.

Under the muscle model, the application of a 750N longitudinal load to the tip of the femur did
not significantly alter the locations of peak stresses in the femoral cartilage, tibial cartilage, and
meniscus compared to the bone model. By comparing the stress cloud plots of the bone and
muscle models, the contribution of muscle activity to the model was quantified, as illustrated
in Figures 4.

3.2. Stress Distribution Contrast in Knee Joint: Bone vs. Muscle Models Under
750N Longitudinal & 134N Anterior

Under the bone model, the application of a 750N longitudinal load combined with a 134 N
anterior thrust behind the tibia to the tip of the femur did not significantly alter the locations of
peak stresses in the femoral cartilage, tibial cartilage, and meniscus compared to the application
of a 750N longitudinal load alone (Fig. 5). With an intact ACL, the peak stresses in the femoral
and tibial cartilage were located at the medial anterior corner, while the peak stress in the
meniscus was observed at the lateral anterior corner. When the posterior lateral bundle of the
ACL was ruptured, the peak stress in the femoral cartilage shifted to the middle of the
posterolateral side, while the peak stresses in the tibial cartilage and meniscus remained at the
medial anterior corner. When the anterior medial bundle of the ACL was ruptured, the peak
stresses in the femoral and tibial cartilage were located at the middle of the medial side, and
the peak stress in the meniscus was observed at the middle of the lateral side. When the ACL
was absent, the peak stresses in the femoral and tibial cartilage were located in the medial
anterior horn, and the peak stress in the meniscus was observed in the lateral anterior horn.
Under the muscle model, the application of a 750N longitudinal load combined with a 134 N
anterior thrust behind the tibia to the tip of the femur did not significantly alter the locations of
peak stresses in the femoral cartilage, tibial cartilage, and meniscus compared to the bone
model.
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Fig 4. (A)Stress clouds of meniscus and cartilage in each group of models during 750N
longitudinal loading at the tip of the femur, (B)Muscle rate of effect during 750N longitudinal
loading at the tip of the femur
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Fig 5. (A)Stress clouds of meniscus and cartilage in each group of models during 750N
longitudinal load and a 134N anterior thrust behind the tibia were applied to the tip of the
femur, (B)Muscle rate of effect during 750N longitudinal load and a 134N anterior thrust
behind the tibia

4. Discussion

The anterior cruciate ligament plays a crucial role in maintaining knee joint stability,
particularly in providing rotational and translational stability [23]. ACL injuries, often
secondary to meniscal injuries, can alter the stress distribution within the knee joint, disrupting
intra-articular balance and increasing the risk of knee instability and osteoarthritis [24]. Three-
dimensional finite element modeling is predominantly based on noninvasive CT or MRI scans
[25]. CT is more sensitive for bone imaging, while MRI is more effective for soft tissue
visualization. Historically, most knee models have relied on either CT or MRI alone [25], [26].
Relying solely on CT or MRI imaging significantly reduces model accuracy, resulting in
unreliable mechanical analysis of the knee joint. Therefore, this study combined CT and MRI
data, utilizing CT for bone extraction and MRI for soft tissue extraction. The alignment and
fusion of these imaging modalities enabled the creation of a more realistic 3D finite element
model of the knee joint. In this study, CT and MRI data were integrated, with CT used for bone
extraction and MRI for soft tissue extraction. The alignment and fusion of these datasets
facilitated the development of a more realistic 3D finite element model of the knee joint.

This study aimed to investigate the mechanism of ACL injury and its secondary meniscal
injuries by analyzing stress changes in various knee joint components following partial ACL
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rupture, both with and without muscle modeling, in an extended knee state. When a 750N
longitudinal load was applied to the tip of the femur, the overall meniscus stress and its peak
value increased significantly in cases of anterior medial bundle rupture or complete ACL
absence. However, the stress distribution of the meniscus remained relatively unchanged,
consistent with the findings of YAO et al. [27]. With an intact ACL, the peak stresses in the
femoral cartilage, meniscus, and tibial cartilage were 4.14, 17.98, and 4.76 MPa, respectively. In
the muscle state, these values decreased to 3.71, 16.08, and 4.02 MPa, respectively, indicating a
reduction in peak stresses and suggesting that muscles exert a tensile effect in the model. When
the anterior medial bundle of the ACL was ruptured, the muscle's contribution to stress
reduction in the femoral cartilage, meniscus, and tibial cartilage was 19.91%, 23.05%, and
12.91%, respectively, significantly higher than in the other three knee joint states. The results
of this study align with previous findings [28], validating the accuracy of the three-dimensional
finite element knee joint model developed in this study.

When a 750N longitudinal load combined with a 134 N anterior thrust behind the tibia was
applied to the tip of the femur, the posterior tibial thrust significantly increased anterior tibial
translation. Consequently, the peak stress in the lateral meniscus increased dramatically
compared to the application of a 750N longitudinal load alone, resulting in elevated
compressive stress on the meniscus. Under this loading condition, the most significant stress
change occurred in the meniscus. The anteromedial bundle plays a critical role in limiting
anterior tibial displacement during knee extension, consistent with the findings from the three-
dimensional finite element knee joint model developed by XIE et al. [29]. When the anterior
medial bundle of the ACL was ruptured, the muscle's contribution to stress reduction in the
femoral cartilage, meniscus, and tibial cartilage was 31.03%, 21.93%, and 20.05%, respectively.
This indicates that muscles undergo greater stretching during anterior medial bundle rupture.
Knee over-extension exacerbates the load on the femoral cartilage and meniscus. Therefore,
patients with anterior medial bundle ACL injuries should avoid prolonged standing and
movements that may lead to knee over-extension, as these actions increase the risk of
secondary meniscal injuries.

This study has several limitations: (1) The 3D finite element knee joint model was constructed
using imaging data from a single volunteer, limiting the generalizability of the results. Further
studies are required to enhance the model's applicability. (2) The model did not account for
different knee flexion angles, limiting its ability to simulate various walking conditions. Future
research will focus on developing a 3D finite element knee joint model incorporating multiple
flexion angles to better study the mechanical behavior of the knee joint across different angles.
(3) The lack of experimental data from living knee specimens makes it challenging to directly
compare the results with stress changes in knee joint components during actual gait cycles. To
address this, the research group is establishing a mechanical research laboratory for living knee
specimens and plans to validate the findings through additional cadaveric mechanical
experiments, thereby enhancing the scientific rigor and reliability of the results.

5. Conclusion

In this study, we constructed a finite element knee joint model incorporating muscles to analyze
the multifaceted effects of varying degrees of ACL injuries. The results highlight the critical role
of the anterior medial bundle in maintaining translational and rotational stability of the knee
joint, as well as the elevated risk of meniscal injuries associated with its damage.

Therefore, in sports requiring high knee rotational stability, ACL compromise necessitates
heightened vigilance for potential secondary meniscal injuries, particularly when the anterior
medial bundle is ruptured, given its substantial impact on knee stability. Prompt clinical
intervention and treatment are essential following such injuries to protect the meniscus and
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prevent long-term complications, such as osteoarthritis. It is crucial for individuals engaged in
high-risk sports to fully understand the severity of ACL injuries and implement appropriate
preventive and therapeutic measures.
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