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Abstract
Aim. To develop a biomechanical model of the knee joint, including a detailed representation of the patellofemoral 
segment for the normal anatomy of bones, joints, ligaments and muscles, and study patellar movement during 
passive knee flexion.
Materials and methods. The architecture of the biomechanical model was developed using an open source software 
system for biomechanical modeling OpenSim. Patellofemoral joint with 6 degrees of freedom, patellar stabilizers – 
medial patellofemoral ligament (MPFL), medial patellotibial ligament (MPTL), lateral retinaculum (LR), and patellar 
contact surfaces (facets) were included in the model. Gmsh and Paraview were used to generate the contact surfaces. 
Simulations of knee passive flexion with consistent patellar stabilizers exclusion were carried out to identify their 
influence on patellar movement.
Results. The presented biomechanical model provides a detailed analysis of the normal dynamics of the patella and 
the role of different anatomical structures in its functioning and can be used for further experiments investigating of 
the patellar movement. The experiment involving all ligaments is consistent with the physiological norm. Disabling 
MPTL has minimal effects on patellar tilt and translation, which aligns with its small size. In contrast, deactivating 
MPFL results in increased lateral tilt and translation of the patella. Additionally, deactivation of LR components 1 and 
2 induces more medial tilt and translation. Deactivating LR components 3 and 4 leads to further lateral translation 
and slight additional medial tilt.
Conclusion. Computational results show that all ligaments contribute to the normal movement of the patella. These 
findings highlight the importance of stabilizing structures in maintaining patellar stability during knee flexion.
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Аннотация
Цель. Разработка биомеханической модел и коленного сустава, включающей детальное представление па-
теллофеморального сегмента для нормальной анатомии костей, суставов, связок и мышц, а также изучение 
движения надколенника во время пассивного сгибания колена.
Материалы и методы. Архитектура биомеханической модели была разработана с использованием открытой 
платформы для биомеханического моделирования OpenSim. В модель был включен пателлофеморальный 
сустав с 6 степенями свободы, стабилизаторы надколенника – медиальная пателлофеморальная связка 
(medial patellofemoral ligament, MPFL), медиальная пателлотибиальная связка (medial patellotibial ligament, 
MPTL), латеральный ретинакулум (lateral retinaculum, LR) и контактные поверхности надколенника (фасетки). 
Для генерации контактных поверхностей использовались пакеты Gmsh и Paraview. Были проведены симуля-
ции пассивного сгибания колена с последовательным исключением стабилизаторов надколенника для вы-
явления их влияния на движение надколенника.
Результаты. Представленная биомеханическая модель позволяет провести детальный анализ нормаль-
ной динамики надколенника и роли различных анатомических структур в его функционировании и может 
быть использована для дальнейших экспериментов, исследующих движение надколенника. Результаты 
эксперимента, включающего все связки, соответствуют физиологической норме. Отключение MPTL име-
ет минимальное воздействие на наклон и смещение надколенника, что объясняется небольшим разме-
ром этой связки. Деактивация MPFL приводит к увеличению бокового наклона и смещения надколенника. 
Кроме того, деактивация компонентов LR 1 и 2 вызывает увеличение медиального наклона и смещения. 
Деактивация компонентов LR 3 и 4 приводит к боковому смещению и незначительному дополнительному 
медиальному наклону.
Заключение. Результаты вычислений показывают, что все связки вносят вклад в нормальное движение 
надколенника. Эти результаты подчеркивают важность стабилизирующих структур в поддержании стабиль-
ности надколенника во время сгибания колена.

Ключевые слова: модель коленного сустава; биомеханическое моделирование; надколенник; пателлофемо-
ральный сустав; кинематика надколенника
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Patellofemoral pain is a prevalent type of knee 
pain that can affect individuals of various age groups, 
including adults, adolescents, and those who engage in 
physical activities. Clinical manifestations of impaired 
biomechanics in the femoro-patellar segment often lead 
to a signifi cant reduction in the patients’ quality of life. 
Orthopedic pathologies of the patella make up a large 
proportion of all musculoskeletal system disorders.

The general population has an annual prevalence 
rate of 22.7% for patellofemoral pain, while adolescents 
have a higher prevalence rate of 28.9% [1]. The lateral 
patellar hyperpressure syndrome affects 7 to 15% of all 
patients with knee joint pathologies [2]. Pathologies of 
the patellofemoral joint are mainly observed in working 
individuals of young and middle age who lead an active 
lifestyle, making it socially signifi cant [3, 4]. In such cases, 
patellar displacement relative to the trochlear groove of 
the femur can be diagnosed [5]. This condition can be 
caused by congenital lateralization of the tuberosity of 
the tibia [6] and weakness of the medial vastus muscle of 
the thigh [7]. Lateral dislocation of the patella can also 
lead to cartilage degeneration or damage to the medial 
facet of the patella [8, 9]. Lateral displacement can 
overload the lateral surface of the patella [10, 11] and 
cause degradation of the articular cartilage [2]. Cartilage 

damage increases pressure on the subchondral bone and 
activates nociceptive fi bers in the bone, causing pain [8].

Currently, surgical interventions for lateral patellar 
hyperpressure syndrome aim to: (1) correct the lateral 
position of the patella; (2) stabilize the patella; (3) increase 
compression of the medial thigh muscle group. Various 
arthroscopic techniques have been proposed for the 
treatment of hyperpressure syndrome [12].

Multiple studies present biomechanical models that 
contain the knee joint [13–17]. However, these models 
have a simplifi ed representation of the patellofemoral 
joint, which is not suitable for investigations focused on 
this joint.

In model [18] during knee fl exion, the patella moves 
along a specifi ed trajectory, without contacting the femur 
surface, since the primary purpose of the model is to 
investigate the tibiofemoral joint and assess the loads that 
occur during its movement. Analysis of the potential use 
of this model for studying of patellar movement revealed 
several signifi cant drawbacks, some of which are illustrated 
in Figure 1A-C: (1) the patella has only one degree of 
freedom during movement and has no contact with the 
femur during knee fl exion; (2) ligaments and muscles 
intersect with bones during knee fl exion; (3) patella size is 
unrealistically large in relation to the femur bone.
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Development of accurate examination methods is 
necessary for modern medical diagnostics. Biomechanical 
models of the knee joint can be used as an additional 
tool for pathology evaluation. To our knowledge, there 
are no freely available models contain ing a detailed 
representation of the patellofemoral segment, nowadays.

The present study is aimed to create a biomechanical 
model of the knee joint, including a detailed representation 
of the patellofemoral segment for the normal anatomy 
of bones, joints, ligaments, and muscles, that enable 
studying of patellar movement during passive knee 
fl exion.

MATERIALS AND METHODS
Model design was developed in collaboration 

with orthopedists from Sechenov University. Open 
source knee model [18] based on OpenSim platform 
[19, 20] was chosen as a basis for constructing an 
advanced biomechanical model of the knee joint. The 
model consists of four solid bodies corresponding to 
bones (pelvis, femur, tibia, patella) and two joints: the 
articulation of the femur and tibia (tibiofemoral joint) and 
the articulation of the femur and patella (patellofemoral 
joint). The tibiofemoral joint is characterized by a joint 
with six degrees of freedom, while the patellofemoral 
joint has one degree of freedom in the model [18]. The 
main modifi cations made to the model [18] are detailed 
below.

Adding new ligaments
The knee joint model includes the patellar tendon, 

lateral collateral ligament, popliteal fi bular ligament, 
medial collateral ligament, posterior cruciate ligament, 
anterior cruciate ligament, oblique popliteal ligament, 

medial patellofemoral ligament (MPFL), medial 
patellotibial ligament (MPTL), and lateral patellar 
retinaculum (LR). All ligaments, except for th e MPFL, 
MPTL, and LR, are present in knee joint model [1]. 
Representations of patellar stabilizers MPFL, MPTL, 
and LR were added (Fig. 2). The MPFL is located on 
the inner side of the knee and connects the patella to the 
femur (Fig. 2A). The MPTL is also located on the inner 
side of the knee, connecting the patella to the tibia (Fig. 
2B). The LR is located on the outer side of the knee and 
connects the patella to the femur, fi bula, and tibia. The 
complex structure of the retinaculum [21] is represented 
in the model via four components (Fig. 2C).

Various data on stiffness coeffi cient values and lengths 
of the MPFL and MPTL ligaments in a resting state can 
be found in published articles [22, 23]. In agreement 
with orthopedists, stiffness coeffi cient values for these 
ligaments were adopted due to the anatomical similarity 
of the MPFL, MPTL, and superfi cial medial collateral 
ligament. The stiffness coeffi cient values for all ligaments 
were set to balance medial stabilizers during knee fl exion 
for the case of healthy knee and were the same for each 
component and are provided in Supplementary materials 
(on the journal’s website, https://doi.org/10.47093/2218-
7332.2024.15.1.47-60-table).

Adding new degrees of freedom
New possible directions of patellar movement 

were added: translations along the x, y, and z axes, and 
rotations around the y and x axes, respectively (Fig. 3). 
Rotation around the z-axis is defi ned as a linear function 
of a knee fl exion angle. Changes in the patellar position 
over other directions during fl exion occur due to various 
forces, including tension/compression of ligaments 
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FIG. 1. Drawbacks of patella representation (fi gures generated by the authors using model from [18]).
A. Patella has no contact to femur during knee fl exion (arrow).
B. Some ligaments and muscles intersect bones during knee fl exion (arrow).
C. Size of patella is unrealistically large in relation to femur.
РИС. 1. Недостатки представления надколенника (рисунки получены авторами с использованием модели из [18]).
A. Надколенник не контактирует с бедренной костью при сгибании колена (стрелка).
B. Некоторые связки и мышцы пересекают кости во время сгибания колена (стрелка).
C. Размер надколенника является нереалистично большим по отношению к бедренной кости.

Note: gray color – bone structures; blue color – ligaments.
Примечание: серый цвет – костные структуры; синий – связки.
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with the patella during knee fl exion were present in the 
model [18].

The elastic foundation contact model was used to 
implement contact interaction of each facet with lateral 
or medial femoral contact surface. The method employs 
meshes to represent contacting geometric surfaces of 
arbitrary complexity. The analysis of deformations and 
forces relies on a simplifi ed elastic model [26]. For each 
contact element, a force consisting of three components 
is generated: stiffness, dissipation, and friction. 
Parameters were borrowed from the tibiofemoral 
contact implementation in model [18], where terms 
corresponding to friction were set to zero and the 
coeffi cient, which combines the individual dissipation 
properties of the two contacting materials, was set to 10. 
To prevent the passage of the patella through the femur 

during knee fl exion, the value of the stiffness parameter 
was increased to 1012. Adding of wrap objects to the 
model required adjustment of ligament resting length 
parameter, since the initial length of some ligaments has 
increased.

Model evaluation
The model design presented above contains all the 

functional elements for patellofemoral joint investigation. 
To analyze the trajectory of the patellar movement, the 
load distribution on its surface, and the functio ning of the 
stabilizers, modeling of passive knee fl exion was performed.

The entire model is presented as a system of rigid 
bodies to which certain forces are applied. The position 
of the bodies relative to each other and the laboratory 
coordinate system is described by the vector of 
gen eralized coordinates q, the velocities of the bodies 
relative to each other and the laboratory coordinate 
system are given by the vector of generalized velocities 
q̇. The state of the system at some point in time t is given 
by a system of equations in generalized coordinates. 
To compute generalized coordinates and generalized 
velocities change over time depending on the forces 
applied to bodies and load distribution on the articular 
surfaces of the patella during passive knee fl exion, 
Opensim Forward dynamics tool can be used. The tool is 
implemented using a mathematical model that includes 
the following main elements:

1. Model of the human body, which is described by 
a system of differential equations of motion, taking into 
account the forces and moments acting on each joint;

2. Muscle ligament model, which allows to determine 
the forces and moments generated by muscle ligament 
during movement;

FIG. 6. Patellar facet triangles selected in Paraview.
РИС. 6. Треугольники поверхностной сетки, соответству-
ющие одной из фасеток, выделены с помощью программы 
Paraview.

A B

FIG. 7. Mesh of one of the facets.
A. Triangle mesh of the facet surface.
B. Extruded mesh.
РИС. 7. Сетка для одной из фасеток.
A. Треугольники поверхностной сетки для одной из фасеток.
B. Тетраэдральная сетка фасетки надколенника.
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3. Contact model, which describes the interaction 
between the bodies;

4. Control model that determines the activation 
of muscle fi bers and coordinates their contraction to 
perform a given movement.

The state of a model refers to the complete set of 
model variables defi ned at a specifi c moment in time. 
Model dynamics describes the model’s progression from 
one state to another over time. The simulation involves 
integrating the dynamic equations of the musculoskeletal 
model, starting from an initial state, corresponding to full 
extension of the knee joint. To integrate numerically the 
dynamical equations, a 5th-order Runge-Kutta-Feldberg 
integrator is used.

In order to compute ligaments tensions, patellar 
trajectory and load distribution on the articular surfaces 
of the patella during passive knee fl exion, we use 
OpenSim Forward dynamics tool. Passive knee fl exion 
was simulated over a 20-second time interval.

The following experiments were carried out:
1. all ligaments are included;
2. MPFL is disabled;
3. MPTL is disabled;
4. components of LR 1 and 2 are disabled;
5. components of LR 3 and 4 are disabled.

RESULTS
The fi rst experiment corresponds to the physiological 

norm, experiments 2–5 imitate disfunction of patellar 
stabilizers. The tensions generated in the patellar 
stabilizers, contact forces on patellar facets and cha  nges 
in p  atellar trajectory were considered. The plots in 
Figure 9 illustrate changes in tensions generated by 

the ligaments during knee fl exion. The tensions of 
retinaculum component 4 occur only in experiment 4 
(disabled LR 1, 2). Other ligaments generate tensions in 
every run, the tensions depend on the run parameters.

Contact forces on the facets are shown in Figure 10. 
Forces occur on the medial facets only in experiments 
4–5 (disabled components of LR). Forces are applied to 
the lateral facets in each run. There is no force acting on 
the central facet.

Changes in patellar tilt and translation due to ligament 
disabling are demonstrated in Figures 11A–D and Figures 
12A–D, respectively. The disabling of MPTL has almost 
no infl uence on patellar tilt and translation. The result 
is consistent with the small size of MPTL. The impact 
of MPFL on patella trajectory is stronger, since MPFL 
deactivation leads to additional lateral tilt and lateral 
translation. Deactivation of LR 1 and 2 causes additional 
medial tilt and medial translation. Deactivation of 
retinaculum components 3 and 4 causes additional lateral 
translation and slight additional medial tilt.

DICSUSSION
The biomechanical model for patellar motion 

studying was developed. Simulations of passive 
knee fl exion were performed. Experiments with 
patellar stabilizers deactivation were carried out. The 
contemporary literature still lacks studies on modeling 
various pathological conditions of the knee joint 
capsuloligamentous apparatus work. The results of our 
experiment on the biomechanical model of the knee 
joint showed coincidence of patellar movements with 
clinical experience when its ligamentous apparatus is 
damaged [27–31].

A B

FIG. 8. Visualization of constructed facets.
A. Representation of surface meshes in Paraview, the facets are marked with color.
B. Patellar facets included in OpenSim model as contact surfaces: 1, 2, 3 are medial facets, 4 is central facet, 5, 6, 7 are lateral 
facets.
РИС. 8. Визуализация построенных фасеток.
A. Представление в виде сеток в Paraview, фасетки надколенника отмечены цветом.
B. Фасетки надколенника внедрены в модель в виде контактных поверхностей: 1, 2, 3 — медиальные фасетки, 4 – цен-
тральная, 5, 6, 7 — латеральные.
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In this paper, we presented results for passive knee 
joint fl exion modeling. However, the model developed in 
this study can also be used to analyze knee joint function 
during movement. Since the proposed model design 
has been implemented for the standard bone geometries 
provided by OpenSim, it can be easily integrated into 

other open-access OpenSim models containing the knee 
joint, e.g. into the OpenSim “Full Body Model for use in 
Dynamic Simulations of Human Gait” [13]. The detailed 
representation of the knee joint allows for the analysis 
of patellar stabilizer tensions and contact forces between 
the patella and femur during the gait cycle.

FIG. 9. Forces generated by the ligaments during knee fl exion, the unit of force is newton.
РИС. 9. График изменения сил (в ньютонах), генерируемых связками, во время сгибания колена.

Note:  MPFL – medial patellofemoral ligament; MPTL – medial patellotibial ligament; LR – lateral patellar retinaculum.
Примечание: MPFL – medial patellofemoral ligament, медиальная пателлофеморальная связка; MPTL – medial patellotibial ligament, 
медиальная пателлотибиальная связка; LR – lateral patellar retinaculum, латеральный ретинакулум.

FIG. 10. Forces acting on the facets during knee fl exion, the unit of force is newton.
РИС. 10. График изменения сил (в ньютонах), действующих на фасетки, во время сгибания колена.

Note: MPFL – medial patellofemoral ligament; MPTL – medial patellotibial ligament; LR – lateral patellar retinaculum.
Примечание: MPFL – medial patellofemoral ligament, медиальная пателлофеморальная связка; MPTL – medial patellotibial ligament, 
медиальная пателлотибиальная связка; LR – lateral patellar retinaculum, латеральный ретинакулум.
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FIG. 11. Lateral-medial tilt of patella (in degrees) during knee fl exion (in degrees) when stabilizers are disabled.
РИС. 11. Латерально-медиальный наклон надколенника (в градусах) во время сгибания колена (в градусах) при отклю-
чении стабилизаторов надколенника.

Note:  MPFL – medial patellofemoral ligament; MPTL – medial patellotibial ligament; LR – lateral patellar retinaculum.
Примечание: MPFL – medial patellofemoral ligament, медиальная пателлофеморальная связка; MPTL – medial patellotibial ligament, 
медиальная пателлотибиальная связка; LR – lateral patellar retinaculum, латеральный ретинакулум.

FIG. 12. Lateral-medial translation of patella (in meters) during knee fl exion (in degrees) when stabilizers are disabled.
РИС. 12. Латерально-медиальное смещение надколенника (в метрах) во время сгибания колена (в градусах) при отклю-
чении стабилизаторов надколенника.

Note: MPFL – medial patellofemoral ligament; MPTL – medial patellotibial ligament; LR – lateral patellar retinaculum.
Примечание: MPFL – medial patellofemoral ligament, медиальная пателлофеморальная связка; MPTL – medial patellotibial ligament, 
медиальная пателлотибиальная связка; LR – lateral patellar retinaculum, латеральный ретинакулум.
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This research has signifi cant implications for 
understanding injuries and diseases that affect the 
supporting structures of the patella. By gaining insight 
into these changes, medical professionals will be better 
equipped for choosing appropriate treatment strategies 
and rehabilitation plans for patients. Additionally, the 
computational biomechanical model opens up new 
possibilities for the treatment of patellar pathologies. It 
provides a platform for further research and development 
of innovative approaches to address these conditions.

Model personalization is one of the most important 
perspectives of this project. However, for its application 
in clinical practice, automation of the model generation 
stages is necessary. Relatively large simulation time (3–4 
hours) is also an important limitation for the application 
of the model in clinical practice.

The development of an accurate biomechanical 
model, enabling experiments with ligament injuries, 

serves as a prerequisite for the creation of a novel 
diagnostic tool to assess the extent of damage and devise 
a treatment strategy for the patient.

CONCLUSION
The presented biomechanical model provides a 

detailed analysis of the normal dynamics of the patella 
and the role of different anatomical structures in its 
functioning. Besides this, we analyzed via series of 
computer experiments complex biomechanical changes 
that occur when the patellar stabilizers are compromised. 
In summary, this work has provided a comprehensive 
understanding of the normal functioning of the patella 
and the consequences of its destabilization. It has 
practical implications for medical professionals and 
offers new opportunities for improving the treatment of 
patellar pathologies. The model is freely available for 
download at https://simtk.org/projects/kneepatfemjoint
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