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Abstract 

Background  Our study aims to examine stress–strain data of the four major knee ligaments—the anterior cruciate liga-
ment (ACL), the posterior cruciate ligament (PCL), the medial collateral ligament (MCL), and the lateral collateral ligament 
(LCL)—under transient impacts in various knee joint regions and directions within the static standing position of the human 
body. Subsequently, we will analyze the varying biomechanical properties of knee ligaments under distinct loading 
conditions.

Methods  A 3D simulation model of the human knee joint including bone, meniscus, articular cartilage, ligaments, 
and other tissues, was reconstructed from MRI images. A vertical load of 300 N was applied to the femur model’s top surface 
to mimic the static standing position, and a 134 N load was applied to the impacted area of the knee joint. Nine scenarios 
were created to examine the effects of anterior, posterior, and lateral external forces on the upper, middle, and lower regions 
of the knee joint.

Results  The PCL exhibited the highest stress levels among the four ligaments when anterior loads were applied 
to the upper, middle, and lower parts of the knee, with maximum stresses at the PCL-fibula junction measuring 59.895 MPa, 
27.481 MPa, and 28.607 MPa, respectively. Highest stresses on the PCL were observed under posterior loads on the upper, 
middle, and lower knee areas, with peak stresses of 57.421 MPa, 38.147 MPa, and 26.904 MPa, focusing notably on the PCL-
tibia junction. When a lateral load was placed on the upper knee joint, the ACL showed the highest stress 32.102 MPa. 
Likewise, in a lateral impact on the middle knee joint, the ACL also had the highest stress of 29.544 MPa, with peak force 
at the ACL-tibia junction each time. In a lateral impact on the lower knee area, the LCL had the highest stress of 22.279 MPa, 
with the highest force at the LCL-fibula junction. Furthermore, the maximum stress data table indicates that stresses 
in the ligaments are typically higher when the upper portion of the knee is affected compared to when the middle 
and lower parts are impacted.
Conclusions  This study recommends people avoid impacting the upper knee and use the middle and lower parts 
of the knee effectively against external forces to minimize ligament damage and safeguard the knee.
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Introduction
The knee joint is one of the seven major joints in the 
human body. It consists of the distal femur, proximal 
tibia, patella, meniscus, femoral cartilage, and tibial pla-
teau cartilage, all of which are interconnected by liga-
ments and tendons [1]. As the largest and most complex 
joint in the human body, it plays a pivotal role in human 
mobility. Due to its anatomical features and physiologi-
cal load-bearing capacity, it is highly susceptible to injury. 
Especially in confrontational sports like wrestling and 
taekwondo, involving physical contact and forceful leg 
movements, the high intensity and confrontations fre-
quently lead to injuries among athletes. Some surveys 
have shown that the mild to moderate injuries that ath-
letes often experience include patellar strain and knee 
joint sprains [2], while severe injuries include meniscus 
injuries and ligament tears. Notably, ligament injuries 
account for a significant proportion, with a rate as high 
as 23.6% [3].

The ligaments in the knee include the patellar ligament 
(PL), anterior cruciate ligament (ACL), posterior cruciate 
ligament (PCL), medial collateral ligament (MCL) and 
lateral collateral ligament (LCL). They consist of dense 
connective tissue that is used to enhance and maintain 
joint stability during movement, as well as limit motion 
beyond the physiological range. The cruciate ligaments 
restrict the knee joint’s anterior and posterior movement, 
while the medial and lateral collateral ligaments con-
strain its lateral motion (Fig. 1).

In recent years, with the rapid advancement of image 
processing, computer technology, and medical image 
modeling, finite element analysis (FEA) has seen signifi-
cant development in knee joint mechanics simulation 
experiments. Currently, numerous domestic and inter-
national researchers utilize reverse modeling tools (e.g., 
Mimics, Geomagic, etc.) and FEA tools (e.g., ANSYS, 
COMSOL, ABAQUS, etc.) using MRI images to create 
knee joint models and perform analyses, replicating vary-
ing levels of biomechanical processes [4, 5]. Although 
FEA can provide convenience for knee joint hard and 
soft tissue related research, there is a certain degree 
of difficulty in the modeling operation in the software. 
Therefore, a study [6] has described the operation of the 
software tools and precautions in detail, to provide help 
for subsequent optimization of model simulation, analy-
sis and design, deeper finite element numerical computa-
tion, and close integration of simulation technology.

In numerous finite element studies of the knee joint, 
scholars have primarily focused on bone and cartilage 
injuries due to the simplicity of the bone structure, sta-
bility of material properties, and clarity of boundary con-
ditions and load constraints [7–9]. The results of their 
study show that a distinct impact of the tibia or meniscus, 

varus/valgus deformity of femur had an obvious effect 
on the contact area and stress distribution of knee joint. 
Among them, the 3D finite element model developed by 
Donahue [10] and his colleges includes bone, ligaments, 
meniscus, and cartilage. This study specifically examined 
the meniscus and cartilage to assess how bone deforma-
tion impacts joint contact behavior. The proximal tibi-
ofibular joint (PTFJ) is easily ignored, although many 
diseases of the knee are caused by PTFJ injuries. There-
fore, Shao [11] conducted a comparative study on the 
biomechanical mechanisms of the knee joint in normal 
and PTFJ-injured states, analyzing and exploring the role 
of PTFJ in maintaining posterior-lateral stability of the 
knee joint. Furthermore, Numan [12] created 3D Solid-
Works model files to evaluate the optimal treatment for 
tibiofibular joint injuries. The intact model, injury model, 
and 8 different fixation models were created that 3.5 mm 
screw and suture-button were used in. The models were 
compared in terms of lateral fibular translation, posterior 
fibular translation and external rotation of fibula com-
pared of tibia and stress values occurred on screws and 
suture-buttons.

Performing finite element studies in soft tissues is more 
challenging than in bony structures due to their intricate 
geometry, nonlinearity, and significant deformation rates. 
This necessitates the use of more sophisticated mate-
rial models and boundary conditions to accurately cap-
ture their behavior. Moreover, this category of research is 
limited by a lack of soft tissue experimental data, hinder-
ing the validation and calibration of the model. Several 

Fig. 1  Schematic diagram of the anatomical structure of the knee 
joint with (i) Femur, and (ii) Patella. (iii) LCL. (iv) MCL. (v) PCL. (vi) ACL. 
(vii) Lateral meniscus. (viii) Medial meniscus. (ix) Fibula. (x) Tibia
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scholars have concentrated on studying knee ligaments 
[13–16]. The 3D knee model of their study offers a detailed 
view of the ACL and patellofemoral ligament (PFL), allow-
ing assessment of ligament stress distribution and joint 
contact pressures in various loading scenarios, thus guid-
ing suggestions for ligament reconstruction surgery. Li [17] 
and his team transcended the limitations of earlier models 
that only verified the efficacy of ligaments or cartilage indi-
vidually, improving the practicality and universality of the 
model. Furthermore, Peña [18] developed a detailed 3D 
finite element model of the healthy human knee, focus-
ing on examining the collective functions of ligaments and 
menisci in load distribution and knee stability. This study 
by Yang and his team [19] aimed to analyze the stress and 
strain changes of the ACL at different knee flexion angles 
using a 3D finite element model. The magnitude and con-
centration area of stress and strain of ACL at knee flexion 
angles 0°, 30°, 60° and 90° were assessed.

In the finite element studies of knee joint ligaments, 
most research [20–23] has focused on just one or two liga-
ments, they individually explored the stresses and strains of 
MCL, ACL, and single-bundle PCL under different loads 
and boundary conditions. This is because it is challeng-
ing to replicate the intricate and uneven Von Mises stress 
and strain patterns in the ligaments, along with mimick-
ing the natural movement of the human knee joint when 
subjected to external loads. Few researchers have exam-
ined and summarized the biomechanical properties of the 
major ligaments of the knee joint under various motion 
conditions. To address this gap, our study utilized soft-
ware tools like Mimics, Geomagic, and ANSYS to create 
and validate a 3D model based on MRI images of a healthy 
male’s left knee joint. The goal of our study was to examine 
Von Mises stress data for ACL, PCL, MCL and LCL dur-
ing anterior, posterior, and lateral impacts on different parts 
of the knee joint in a static standing position. By simulating 
impact loading on the upper, middle, and lower parts of the 
knee joint using FEA software, and analyzing the specific 
damage to four ligaments based on acquired stress–strain 
data, we can determine which ligament sustains the great-
est damage under various impact directions and locations. 
This information can provide recommendations for protec-
tive measures for athletes’ knee joints, potentially aiding 
in better protection and injury prevention. Furthermore, 
identifying the most vulnerable ligament from data on liga-
ment damage under different impact scenarios may offer 
a theoretical basis for diagnosing and rehabilitating knee 
joint ligament injuries in clinical settings.

Materials and methods
Knee joint imaging materials
An adult Chinese volunteer (male, weighing 70 kg) with 
no history of prior knee injury or osteoarthritis was 

selected. The left knee joint was scanned using a mag-
netic resonance scanner (Achieva 1.5 T, PHILIPS, Neth-
erlands). The scan had a slice thickness of 2  mm and a 
slice increment of 1  mm, resulting in a total of 152 
images.

Geometry reconstruction
Mimics (medical finite element modeling software, 19.0, 
Materialise, Belgium), Geomagic Studio (reverse engi-
neering software, 2012, Geomagic, USA), and ANSYS 
Workbench (finite element analysis processing software, 
19.2, ANSYS, USA) were employed.

Using the functions of threshold segmentation, separa-
tion mask, edit mask, region growth, and 3D calculation 
in Mimics17, the original MRI data and the character-
istics of different structural densities of the knee joint 
were utilized to generate a 3D model. This model encom-
passes various structures of the human knee joint, such 
as the femur, patella, tibia, fibula, femoral cartilage, tibial 
cartilage, patellar cartilage, fibular cartilage, meniscus, 
ACL, PCL, MCL, LCL, and PL. Each part of the model 
was saved in a standard surface subdivision format, and 
exported in Standard Triangle Language (STL) format (as 
shown in Fig. 2a).

The knee tissue structures were imported into Geo-
magic Studio 12.0 software. To improve the quality of the 
models, Smoothing Function was applied to eliminate 
nail-shaped objects, while the Mesh Doctor Function was 
used to fill small holes and channels and smooth highly 
refractive edges. Afterwards, to achieve a curved model, 
precise surface machining and automatic surface shap-
ing techniques were employed for accurate results. In 
the automatic surface creation, the geometric image type 
was set to organic, and the target number of surfaces was 
set to 500. The final output was saved in Initial Graphics 
Exchange Specification (IGES) format.

Material and boundary conditions
We initiated the Statics Analysis module in Workbench, 
importing the.igs file, which was exported from Geo-
magic. The model underwent a Boolean operation to 
remove any overlap resulting from human error during 
the reconstruction process. Subsequently, we defined the 
material properties and contact types of the model, and 
executed mesh partitioning.

The assignment of elastic modulus and Poisson’s 
ratio for the model is based on the research data from 
Li [17] and Bae [24]. This study simplifies the total 
knee joint model, designating the bone, meniscus, 
and articular cartilage of the model as isotropic linear 
elastic materials. To restore the nonlinearity and large 
deformation rate of ligaments, Some studies [15, 25] 
have defined ligaments as hyperelastic materials and 
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used the Neo-Hooker model. However, in this study, 
linear elastic materials were chosen to simplify cal-
culations and increase computational speed. Specific 
material parameter properties are detailed in Table 1.

The model was partitioned automatically using 
tetrahedral meshes, resulting in 93,465 nodes and 
50,402 elements. Since the kinematic states of bone, 
articular cartilage, and ligaments were not the main 
focus of this study, their connections were all set to 
bonded when selecting the contact type. Meanwhile, 
the contact types between the articular cartilages, and 
between the meniscus and articular cartilage, are set to 

No Separation. The overall structure of the knee joint 
finite element model is depicted in Fig. 2b.

Model validation
The effectiveness of the knee joint model is verified using 
the following techniques:

Validation I: In previous studies, Chen [6], Hang [26], 
and Jin [8] conducted experiments where they applied 
vertical downward forces of 500N, 1000N, and 1150N 
on the knee joint in the extended position. These forces 
were used to simulate the human status in a stationary 
stance on a single leg or both legs. Bao [27], Moglo [28] 
validated the model with a 1,000 N load; Fukubayashi 
[29] tested cadaveric knee joint specimens in the 
extended position with vertical loads of 200, 500, 1,000, 
and 1,500 N to analyze load distribution on the cartilage 
and contact area. Using as reference from their research, 
a vertically downward force of 1000N is applied to the 
top surface of the femoral model. The bottom surfaces 
of the tibia and fibula are Fixed Support and constrained 
to six degrees of freedom, and the degrees of freedom 
of other structures controlled by ligaments. The specific 
position where the loads are applied is shown in Fig. 3a 
and b. This setup was used to calculate the equivalent 
stress of femoral cartilage, tibial cartilage, and meniscus.

Fig. 2  Knee joint model a 3D reconstruction of knee joint; b The overall structure of the knee joint finite element model with (i) LCL, and (ii) Perone. 
(iii) Femur. (iv) ACL. (v) PCL. (vi) Tibia. (vii) MCL

Table 1  material properties of knee joint tissues

Knee structure Elastic Modulus /MPa Poisson’s ratio

Bone 12,000 0.3

Meniscus 59 0.49

Cartilage 5 0.46

ACL 116 0.3

PCL 87 0.3

MCL 48 0.3

LCL 48 0.3

PL 87 0.3
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Validation II: The anterior drawer test (ADT) is a common 
maneuver to assess ACL injuries. Following the standard set 
by Frobell [30] for the ADT, in Validation II, we used the tib-
ial plateau bulge as a reference point. In certain clinical and 
existing literature [31, 32], a 134N forward load was utilized 
as a criterion for ADT. To facilitate intuitive comparison, we 

applied a 134 N force horizontally backward from the refer-
ence point. The specific position where the loads are applied 
is shown in Fig. 3c and d. Furthermore, the femoral top sur-
face was fixed as the constraint condition. We then calcu-
lated the displacement of the tibia and the equivalent stress 
of ACL, PCL, MCL, and LCL.

Fig. 3  Specific location of validated loads a Fixed support for Verification I; b Force load for Verification I; c Fixed support for Verification II; d Force 
load for Verification II



Page 6 of 17Li et al. Journal of Orthopaedic Surgery and Research          (2024) 19:630 

Impact simulation
Given the brief duration of impact in Taekwondo, this 
study assumed the athletes to be in a standing position at 
the moment of impact. According to the research data by 
Li [33], it was revealed that when human legs are station-
ary, the knee joint carries 43% of the body weight. Hence, 
it was estimated that the knee joint in this model beard a 
load of approximately 300N in a static standing position. 
This load was applied vertically downwards onto the top 
surface of the femoral model (Fig. 4a), while an additional 
load of 134N was applied towards the upper, middle, and 
lower sections of the knee joint from the front, back, and 
side (Fig. 5a–i). The upper, middle, and lower segments of 
the knee joint as defined in this study are primarily deter-
mined by the positions of the constituent bones. The 
specific definitions of the upper, middle, and lower por-
tions of the knee are as follows: Upper knee joint: refers 
to the lower femur, the distal femur. Middle part of the 
knee: the core area where the lower femur, upper tibia, 
and patella interact. Lower knee part: the upper tibia, the 
proximal tibia.

When the upper and middle sections of the knee joint 
were impacted, the bottom surfaces of the tibia and fib-
ula were fixed as constraints. Conversely, when the lower 
section of the knee joint was impacted, the top surface of 
the femur was fixed as constraints. The specific position 
where the Fix Supports are applied is shown in Fig. 4b–c.
The equivalent stresses of ACL, PCL, MCL, and LCL 
during impact were then calculated.

Results
Results of model validation
Validation I results: Under a vertical load of 1000 N, 
the femoral cartilage experienced a maximum stress of 

10.236 MPa, with the overall stress being higher medially 
than laterally. The maximum stress in the medial menis-
cus was 54.352 MPa, located at the anterior corner of the 
meniscus, while the maximum stress in the lateral menis-
cus was 35.267 MPa, situated at the posterior corner of 
the meniscus. The medial tibial cartilage had a maximum 
stress of 4.6336  MPa, located centrally, and the lateral 
tibial cartilage had a maximum stress of 4.1971  MPa, 
located at the anterior edge (refer to Fig.  6). The Von 
Mises stress distributions observed in the femoral carti-
lage, meniscus, and tibial cartilage when subjected to a 
vertical load of 1000 N applied to the total knee joint gen-
erally aligned with the finite element calculations con-
ducted by Zhu [34].

Validation II results: Under an anterior load of 134 N, 
the maximum backward displacement of the tibia was 
4.9129 mm. The maximum stresses in ACL, PCL, MCL, 
and LCL were 19.253  MPa, 5.0691  MPa, 1.7712  MPa, 
and 1.591 MPa respectively (refer to Fig. 7). The results 
obtained from a 134N anterior load validation also 
aligned with the findings of Li [17] and colleagues. By 
validating the model under two different conditions, its 
credibility has been established, allowing for further 
analysis of the ligaments’ equivalent force data in various 
impact scenarios.

Stress analysis
Figures 8, 9, 10 and 11 illustrates the stress distribution 
patterns of the ACL, PCL, MCL, and LCL in nine impact 
scenarios on the human knee joint while in a static stand-
ing position with both legs. Furthermore, to visualize 
the relationship between the stress exhibited on the liga-
ments and the risk of ligament injury, we calculated the 
maximum stress data of each ligament under different 

Fig. 4  Base loads applied to the model in a static standing position a A vertically downward force load of 300N; b Fixed supports in case of impacts 
on the upper and middle parts; c Fixed supports in case of impacts on the lower parts
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Fig. 5  The position where the load impacts the knee joint a upper subjected to anterior impact; b middle subjected to anterior impact; c lower 
subjected to anterior impact; d upper subjected to posterior impact; e middle subjected to posterior impact; f lower subjected to posterior impact; 
g upper subjected to lateral impact; h middle subjected to lateral impact; i lower subjected to lateral impact
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impact conditions based on the ultimate stress results of 
ACL, PCL, LCL, and MCL obtained from Ristaniemi’s 
study [35], as well as the ratio of the maximum stress to 
the ultimate stress of each ligament. The approximate 
percentage values are listed in Table 2.

By comparing the Von Mises stress distribution of 
the ligaments under different impact conditions, we 
obtained: When the knee joint was impacted from 
the front and back, the PCL experienced the highest 
amount of stress, particularly at the junction between 
the PCL and the tibia. During anterior impacts, the 
PCL experienced maximum stresses of 59.895  MPa, 
27.481  MPa, and 28.607  MPa, while during poste-
rior impacts, the maximum stresses on the PCL were 
57.421 MPa, 38.147 MPa, and 26.904 MPa in that order. 
Similarly, in the case of a side impact on the upper 
and middle knee, the ACL bore the maximum force at 

32.102 MPa and 29.544 MPa respectively, with the peak 
force occurring at the ACL-tibia junction. Further-
more, in the case of lateral impact on the lower part of 
the knee joint, the LCL sustained the maximum force 
at 22.279 MPa, with the peak force situated at the LCL-
fibula junction.

In terms of specific forces experienced on each liga-
ment, the ACL was subjected to the highest force 
of 36.415  MPa when the upper part of the knee was 
impacted from the back. Conversely, the PCL experi-
enced the highest force of 59.895 MPa when the upper 
part of the knee was impacted from the front. When 
a side impact affected the upper part of the knee, the 
MCL received the highest force of 28.86 MPa, whereas 
the LCL was most stressed during lateral impact on the 
lower part of the knee joint, with 22.279 MPa.

Fig. 6  The Von Mises stress distributions of the result of validation I; a The Von Mises stress distribution of medial meniscus; b The Von Mises stress 
distribution of lateral meniscus; c The Von Mises stress distribution of Medial tibial cartilage; d The Von Mises stress distribution of Lateral tibial 
cartilage; e The Von Mises stress distribution of Femoral cartilage
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It is evident that under the same impact condition, ACL 
and PCL are more susceptible to injury compared to the 
other two ligaments. When the upper part of the knee joint 
is impacted from the rear, the maximum stress exhibited by 
the ACL reaches 138% of its ultimate stress. On the other 
hand, when the upper part of the knee joint is impacted from 
the front, the maximum stress on the PCL reaches 200% of 
its ultimate stress, posing a significant risk of rupture. In con-
trast, the stresses exhibited by MCL and LCL under all con-
ditions do not exceed their respective ultimate stresses.

Next, we proceed with the injury analysis of liga-
ments under various impact conditions based on Table 2. 
Our initial step involves eliminating the groups where 
the stress experienced by the ligaments exceeds their 

ultimate stresses. Upon comparing the remaining groups, 
we found that the group subjected to lateral impact at the 
lower part exhibited the lowest risk of damage (ratio ACL 
38%, PCL 23%, MCL 10% and LCL 62%). Overall, the 
knee joint appears to be less vulnerable to injury when 
subjected to external forces impacting its lower part, 
compared to impacts on its middle or upper parts.

Several research results [36–39] have shown that the 
ACL, PCL, and MCL may all be injured due to direct 
impact on the knee joint. LCL injuries are the least 
common among knee ligament injuries, accounting for 
approximately 4% of all cases [40]. The lower incidence 
of LCL injuries compared to other knee ligaments aligns 
with the findings of this study.

Fig. 7  The Von Mises stress distributions of the result of validation II; a The Von Mises stress distribution of ACL; b The Von Mises stress distribution 
of PCL; c The Von Mises stress distribution of MCL; d The Von Mises stress distribution of LCL; e The total deformation of tibia
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Fig. 8  The Von Mises stress distribution of the ACL when the knee is impacted by all sides; a upper subjected to anterior impact; b middle 
subjected to anterior impact; c lower subjected to anterior impact; d upper subjected to posterior impact; e middle subjected to posterior impact; f 
lower subjected to posterior impact; g upper subjected to lateral impact; h middle subjected to lateral impact; i lower subjected to lateral impact
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Fig. 9  The Von Mises stress distribution of the PCL when the knee is impacted by all sides; a upper subjected to anterior impact; b middle 
subjected to anterior impact; c lower subjected to anterior impact; d upper subjected to posterior impact; e middle subjected to posterior impact; f 
lower subjected to posterior impact; g upper subjected to lateral impact; h middle subjected to lateral impact; i lower subjected to lateral impact
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Fig. 10  The Von Mises stress distribution of the MCL when the knee is impacted by all sides; a upper subjected to anterior impact; b middle 
subjected to anterior impact; c lower subjected to anterior impact; d upper subjected to posterior impact; e middle subjected to posterior impact; f 
lower subjected to posterior impact; g upper subjected to lateral impact; h middle subjected to lateral impact; i lower subjected to lateral impact
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Fig. 11  The Von Mises stress distribution of the LCL when the knee is impacted by all sides; a upper subjected to anterior impact; b middle 
subjected to anterior impact; c lower subjected to anterior impact; d upper subjected to posterior impact; e middle subjected to posterior impact; f 
lower subjected to posterior impact; g upper subjected to lateral impact; h middle subjected to lateral impact; i lower subjected to lateral impact
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Discussion
FEA approximates an infinite number of unknowns with 
a finite number of unknowns, simplifying a complex 
problem for solution. In knee studies, FEA can simulate 
the mechanical behavior of the knee joint during vari-
ous motion states [41–44], and also represent the stress 
-strain impact on the knee joint in conditions like frac-
ture [45–48], knee arthroplasty [49–51], and osteoar-
thritis [52–54]. In comparison to experimental studies, 
FEA is more time- and cost-effective. It can predict Von 
Mises stress and strain distributions under various condi-
tions based on experimental results, aiding in the design 
and optimization of medical devices like knee prosthe-
ses. Although the FEA method has its advantages, it also 
comes with drawbacks. The analysis outcomes can be 
influenced by factors such as model geometry, boundary 
conditions, material properties, and other parameters. 
The precision of the model significantly influences the 
reliability of the results. Above all, performing calcula-
tions to simulate complex biomechanical systems is time-
consuming, demanding high computer performance.

Therefore, FEA can be a valuable tool in knee-related 
research, but it must be utilized considering its advan-
tages and limitations. In the field of knee joint biome-
chanics research, numerous scholars are dedicated to 
enhancing the 3D model of the knee joint. Zhang [55] 
employed medical image processing technology to recon-
struct the solid model of bone tissue and soft tissue of 
the knee joint separately. They utilized 3D image align-
ment technology to integrate each soft tissue group onto 
the solid model of bone tissue, creating a comprehensive 
knee joint incorporating all bone tissues and major soft 
tissues. This process resulted in the formation of a geo-
metric surface anatomical digital model, enhancing the 
accuracy of geometric shape simulation. Zhao [56] com-
bined computerized motion simulation technology with 

a simulation model of postoperative motion mechanics 
after knee arthroplasty to lay the groundwork for opti-
mizing knee prosthesis data. The dynamic features of 
the healthy knee joint are valuable for designing knee 
prostheses and treating osteoarthritis. Dynamic mod-
eling involves analyzing mechanical properties and kin-
ematic parameters during motion. However, the intricate 
anatomy of the knee joint and the interaction with body 
dynamics pose challenges in understanding its detailed 
dynamic properties. For this, scientists [57] have devel-
oped a specialized musculoskeletal model and a precise 
finite element model of the complete knee joint to ana-
lyze its kinematics and mechanics throughout the gait 
cycle. This also serves as a valuable tool for evaluating 
mechanical properties at both body and tissue levels.

In biomechanical studies of knee ligaments, most 
scholars choose to analyze a single ligament, for instance, 
Huang [58] and He [59] conducted research on ACL and 
MCL, and systematic comparative analyses of the entire 
knee joint or all ligaments are uncommon. In this study, a 
biomechanical FEA of the four main knee joint ligaments 
was conducted to investigate the effects of various types 
of impacts. By integrating findings from previous studies, 
this approach helps to mitigate the constraints of indi-
vidual ligament investigations to some degree. Mimics 
and Geomagic software were utilized for processing MRI 
images, extracting bone, cartilage, and certain ligaments, 
and performing 3D stereo model reconstruction of the 
human knee joint. Two validation methods were subse-
quently used in Ansys to verify the model’s validity. Based 
on the validation results, we compared and analyzed 
nine cases where the upper, middle, and lower parts of 
the knee joint experienced anterior, posterior, and lateral 
impacts in the static standing state of the human leg. Von 
Mises stress cloud diagrams were created for the cruciate 
ligament and the medial collateral ligament.

Table 2  Maximum stress of knee ligaments under different impact conditions

Impact situation The Von Mises stress of each ligament when the knee joint is impacted (MPa) (The ratio of 
this stress in relation to the ultimate stress) [35]

ACL PCL MCL LCL

Upper section impacted from the front 18.22(70%) 59.895(200%) 20.885(49%) 6.2856(18%)

Middle section impacted from the front 10.012(38%) 27.481(90%) 11.479(25%) 2.4341(5%)

Lower section impacted from the front 24.905(92%) 28.607(93%) 7.7275(16%) 2.8439(8%)

Upper section impacted from the rear 36.415(138%) 57.421(190%) 9.6777(23%) 7.2717(20%)

Middle section impacted from the rear 34.11(130%) 38.147(126%) 4.209(9%) 5.8336(17%)

Lower section impacted from the rear 23.816(88%) 26.904(86%) 7.8242(18%) 2.5447(5%)

Upper section impacted from the side 32.102(123%) 14.997(46%) 28.86(65%) 17.288(48%)

Middle section impacted from the side 29.544(111%) 9.3442(31%) 17.843(41%) 10.237(28%)

Lower section impacted from the side 10.047(38%) 7.1556(23%) 4.4515(10%) 22.279(62%)
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Next, some discussion will be presented on the design 
of the study, the results, and the direction of future opti-
mization research. We have divided the knee joint into 
upper, middle, and lower parts, but it is important to note 
that these divisions are not strict anatomical concepts as 
the knee joint itself is a holistic structure without clear 
boundaries. Based on this, our definition of these parts is 
primarily based on the relative positions of the constitu-
ent bones. In the field of biomechanics, different anatom-
ical structures exhibit distinct biomechanical properties 
under the same loading conditions. To interrogate the 
disparities in biomechanical characteristics of knee liga-
ments stemming from variations in impact direction and 
the localized site of impact, we integrated scenarios of 
potential sudden impacts encountered in daily life with 
this stratified approach to impacted areas. It is impera-
tive to underscore, in the context of knee joint research, 
that the knee joint, as an integrated structure, intricately 
interconnects and interacts with its various components, 
collectively sustaining the joint’s normal functionality 
and stability. Consequently, when contemplating and elu-
cidating the knee joint, a holistic perspective that encom-
passes its comprehensive biomechanical properties is 
paramount.

Additionally, we chose max stresses as the main data 
for inter-group comparison in our experimental design 
because the locus of peak stress, frequently identified as 
the region or site experiencing the greatest loading inten-
sity within a stressed structure or object, often predicts 
the onset of deformation, rupture, or functional failure. 
As Ren’s research [15] elucidates, this peak stress loca-
tion precisely aligns with the clinically prevalent site of 
anterior cruciate ligament (ACL) rupture. Consequently, 
the stress maximum emerges as a precise quantitative 
metric, facilitating more intuitive intergroup compari-
sons that comprehensively illustrate and analyze stress 
distributions across distinct locations and loading orien-
tations, thereby enhancing our understanding of stress-
related phenomena in biomechanical systems.

An examination of the stress data presented herein 
underscores that when the upper portion of the knee 
joint is subjected to impact, the maximum stresses 
exhibited by the ligaments surpass those observed in the 
lower and middle segments of the joint. This observa-
tion underscores the imperative to mitigate impacts to 
the upper knee region, as they may precipitate excessive 
stress concentrations with potentially deleterious conse-
quences for ligament integrity. In addition, the knee joint 
model was simplified and lacked tissues such as muscles 
and tendons, and the material property division could be 
more refined.

Finally, we will discuss the limitations and potential 
improvements of this study. Our knee joint model was 

simplified and lacked tissues such as muscles and tendons, 
and the material property division could be more refined. 
There is a study [60] that has revealed that variations in 
ligament mechanics in knee joint models stem primar-
ily from distinctions in geometry, boundary conditions, 
and ligament modeling parameters rather than from soft-
tissue structures like muscles. In this study, we examine 
the applied impact as an instant static load to analyze the 
biomechanical alterations and reaction of the knee joint 
at that moment. While the muscles surrounding the knee 
joint typically respond to maintain joint stability and equi-
librium when facing an impact, the author suggests that 
in the context of the instantaneous static impact studied, 
the muscles may not exhibit changes like contraction to 
counter the external force, but rather aim to diminish 
resistance and absorb a portion of the impact force. Due 
to these considerations, and to optimize computational 
resources and speed up computations, this study’s model 
simplifies the muscle component. Future research will 
reconstruct a detailed musculoskeletal model of the knee 
joint to conduct transient finite element analyses, ena-
bling a comparison and discussion of the muscles’ role in 
ligament mechanics when the knee joint is impacted.

Our study examines the static mechanics of the knee 
joint in the static standing state of both legs. In the 
future, it could be utilized to investigate ligament damage 
in the knee joint during flexion and walking under exter-
nal impact, and to simulate potential ligament damage 
during sports activities. It is anticipated that as science 
and technology advance and researchers continue their 
efforts, human research on the knee joint will become 
more thorough and precise, leading to a reduction in 
knee injuries.

Conclusions
The findings of this research align with the physiologi-
cal traits and clinical observations of the human knee. 
These outcomes could establish a theoretical groundwork 
for averting ligament trauma in the knee due to sudden 
impacts and for managing such injuries clinically. Rec-
ommendations include prioritizing the protection of 
the upper knee area from impacts in various directions 
during external blows or confrontations and leveraging 
the middle and lower sections of the knee to absorb the 
force. This approach may lower ligament injury risks and 
provide some degree of knee joint protection. We also 
recommend that scholars exploring this topic, consider 
incorporating injuries like knee external and internal 
rotation into their research to enhance the clinical rel-
evance of knee injury studies.
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