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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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A HH 0T Ly

Llenb. PaspaboTka briomMexaHN4ecKoi MOAEM KONEHHOMO CyCTaBa, BKIOYatoLLel AeTanbHoe npeacTaBieHme na-
TeNNo(heMopanbHOro CerMeHTa s HopManbHOM aHaTOMUK KOCTEN, CYyCTaBOB, CBSA30K W MbILLL, @ TaKXe 13y4eHue
ABWKEHUS Ha[JKONEHHWKaA BO BPEMS MACCUMBHOMO CrubaHns KoneHa.

Marepuanbl u MeToAbl. ADXUTEKTYPA BUOMEXaHNYECKO MOAEeNM Bblna pa3paboTaHa C UCMOoNb30BaHNEM OTKPbITOM
nnatQopMbl A1 GUOMEXaHMYECKOro MoaenpoBanua OpenSim. B mogent 6bin BKIKOYEH NaTtennohemMopanbHblii
CycTaB C 6 CTeneHsAMK CBOOOAbI, CTabUNN3aTOPbI HAAKONEHHUKA — MefuanbHas natennohemMopanbHas cBAska
(medial patellofemoral ligament, MPFL), megnanbHas natennotnénanbHas ceaska (medial patellotibial ligament,
MPTL), naTepanbHbilii peTuHakynym (lateral retinaculum, LR) 1 KOHTaKTHbIE NOBEPXHOCTH HaAKONEHHWKa (haceTku).
[insi reHepaLmn KOHTaKTHbIX NOBEPXHOCTE UCNONb30BaNuCh nakeTbl Gmsh v Paraview. boinv npoBeaeHbl CUMyNs-
M1 NAaCCUBHOTO CrubaHns KoNeHa C NocneaoBaTte/lbHbIM UCKIIKOYeHEM CTabun3aTopoB HaAKoNeHHUKa 415 Bbl-
ABJIEHMA VX BNUSIHUSA HA ABVKEHWME HALKONEHHMKA.

Pesynbratbl. [1pefcTaBneHHas 61MOMexaHnyeckas MoAenb No3BoseT NPOBECTW [eTalbHbI aHanu3 Hopmarb-
HOW AUHAMUKMN HaiKONEHHUKA W PONIU Pa3NINYHbIX aHAaTOMUYECKUX CTPYKTYP B €ro QYHKLUMOHUPOBAHUN N MOXET
OblTb UCMOMb30BaHa ANA AaNbHERLIUX SKCNEPUMEHTOB, UCCNEAYIOWMX ABMXEHME HALKONEHHWKA. PesdynbTaTbl
9KCMepUMEHTA, BKITHOYAIOLLErO BCe CBA3KM, COOTBETCTBYIOT (uanonoruyeckoin Hopme. OtkntoyeHne MPTL nme-
eT MUHWMaNbHOE BO3JENCTBME HA HAKOH W CMeLleHNe HALKONEHHWKA, YTO O6BbACHAETCS HeOGONbWIM pasMme-
POM 37OV CcBA3KK. [leakTvBaums MPFL npuBoanT K yBennYeHno 60KOBOro Hak/ioHa 1 CMeLLeHUs HafKONeHHMKa.
Kpome Toro, feakTBauusg KOMMNOHEHTOB LR T 1 2 BbI3bIBAET yBeIMYEHWE MeMaNbHOrO HaKoHa U CMELLeHUS.
[eakTBaLns KOMNOHEHTOB LR 3 1 4 NpuBOAMT K BOKOBOMY CMELLEHUIO U HE3HAYUTENIbHOMY [OMONHUTENIbHOMY
MeZauanbHOMY HaKJOHY.

3aknioyeHune. Pe3ynbTaTbl BbIYMCIEHWIA NOKA3bIBAKOT, YTO BCE CBA3KM BHOCAT BKNAL B HOPMaNibHOE [ABMXEHME
Ha[IKONEHHWKa. 3TN pe3ynbTaTbl NOAYEPKUBAKOT BAXXHOCTb CTAOUNN3UPYIOLLMX CTPYKTYP B NOAAEPXKAHUM CTabub-
HOCTV HaJlKONIEHHWKa BO BPEMS CrMOaHNs KoNeHa.

KnioueBblie cnoBa: Mofe/b KONIEHHOro CyCTaBa, B1omexaHn4yeckoe MOJEeNnpPoBaHNE; HaAKOJTIEHHUK; I'IaTeJ'IJ'IO(DEMO-
paanbm CyCTaB, KWHEMATNKaA HaJKONEHHWKaA

! https://rscf.ru/prjcard_int?21-71-30023&ysclid=lu4efmes8g254850327
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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 significant 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 itsocially significant[3,4]. Insuch 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

MPFL - medial patellofemoral ligament
MPTL - medial patellotibial ligament

damage increases pressure on the subchondral bone and
activates nociceptive fibers 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 simplified representation of the patellofemoral
joint, which is not suitable for investigations focused on
this joint.

In model [18] during knee flexion, the patella moves
along a specified 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 significant 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 flexion; (2) ligaments and muscles
intersect with bones during knee flexion; (3) patella size is
unrealistically large in relation to the femur bone.

* https://rscf.ru/prjcard_int?21-71-30023&ysclid=lu4efmes8g254850327

CEYEHOBCKWM BECTHUK T. 15, Ne 1, 2024 / SECHENOV MEDICAL JOURNAL VOL. 15, No. 1, 2024 49



MATHEMATICAL MODELING OF LIVING SYSTEMS

A B
Tib

FIG. 1. Drawbacks of patella representation (figures generated by the authors using model from [18]).

A. Patella has no contact to femur during knee flexion (arrow).

B. Some ligaments and muscles intersect bones during knee flexion (arrow).

C. Size of patella is unrealistically large in relation to femur.

PWUC. 1. Hegocrarku mpefcTaBiennst HafIKOJIEHHMKA (PUCYHKM TIOJTYUYEHbI aBTOPaMM C UCIOIb30BaHuemM mopenu u3 [18]).
A. HaikoyleHHVK He KOHTaKTUPYeT C 6eIpeHHON KOCThIO Py CrubaHmm KojieHa (CTpesika).

B. HekoTopbie CBSI3KM ¥ MBIIIIIBI TIEPECEKAIOT KOCTU BO BpeMsI CrubaHust KoeHa (CTpeska).

C. Pa3smep HagKoJIeHHMKA SIBJISIETCS] HEPeaMCTMYHO GOJIBIINMM 10 OTHOIIEHMIO K 6eIPeHHO KOCTH.

Note: gray color — bone structures; blue color - ligaments.
MpumeYaHme: cepblit LBET = KOCTHbIE CTPYKTYPbI; CUHUIA — CBASKM.

Development of accurate examination methods is
necessary formodern 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 containing 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
flexion.

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 modifications made to the model [18] are detailed
below.

Adding new ligaments

The knee joint model includes the patellar tendon,
lateral collateral ligament, popliteal fibular 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 the 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, fibula, and tibia. The
complex structure of the retinaculum [21] is represented
in the model via four components (Fig. 2C).

Various data on stiffness coefficient 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 coefficient values for these
ligaments were adopted due to the anatomical similarity
of the MPFL, MPTL, and superficial medial collateral
ligament. The stiffness coefficient values for all ligaments
were set to balance medial stabilizers during knee flexion
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 defined as a linear function
of a knee flexion angle. Changes in the patellar position
over other directions during flexion occur due to various
forces, including tension/compression of ligaments
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FIG. 2. Patellar stabilizers added to new biomechanical knee model.

A. Medial patellofemoral ligament (MPFL).
B. Medial patellotibial ligament (MPTL).
C. Lateral retinaculum (LR1-4).

PUC. 2. Crabuimsaropbl HaZKOJIEHHMKA, TOOABIEHHbIE B HOBYIO 61IOMEXaHNYECKYIO MOMIEIb.

A. MenuanbHas nateiuiodemopanbHas cesska (MPFL).
B. MennanbHas natesutotubuanbHas csszka (MPTL).
C. Jlarepanbubii peruHakyaym (LR1-4).

and muscles, contact interactions between articulating
surfaces, and damping forces.

Scaling of patella

To achieve realistic patellar sizes, scaling was applied
to the surface mesh representing the patella from the
model [18]. Relationships between patellar size and the
distance between the lateral epicondyles of the femur
were adopted. The scaling factor 0.65 was chosen along
each of the x, y, and z axes. Modifying the surface mesh
corresponding to the patella affects not only visualization
of the patella in a graphical interface. The scaled patellar
mesh was used to construct the contact surface, which
shape influences directly the interaction between the
patella and the femur.

Flexion
Z-axis

FIG. 3. Possible directions of patellar movement.
PUC. 3. Bo3moskHbIe HaripaB/IeHus! IBVKEHVS HaKOJIEHHMKA.

Adding wrap objects

Possible intersections of ligaments or muscles and
bones can significantly affect simulation results, as the
forces generated in the ligaments and muscles depend on
their relative elongation. In order to prevent intersection
of ligaments or muscles with bones during knee flexion,
wrap objects are included in the model. Wrap objects are
shapes (e.g. spheres, ellipsoids, cylinders) that can be
used to constrain ligaments and muscles. If the straight-
line path connecting attachment points of a ligament or
a muscle intersects a wrap object, a new path between
these two points wrapping the object is calculated by one
of the OpenSim algorithms. In this study, the “midpoint”
method was used to determine a wrapping plane, which
is the plane containing the ligament or muscle when
wrapped around the ellipsoid. In the “midpoint” method
we search for a point on the ellipsoid’s surface closest
to the midpoint of the segment connecting origin and
insertion points of the ligament or muscle. If the straight-
line path between the attachment points is close to the
ellipsoid’s center, the method becomes unstable. This
feature of the algorithm imposes limitations on the
choice of the position and size of the ellipsoid.

In this study wrap objects were added for the MPFL,
MPTL, and LR ligaments. They were implemented
as ellipsoids that approximate the surface of femoral
and tibial condyles. The ellipsoids shape and position
were manually adjusted using the graphical interface
of OpenSim. Figure 4 demonstrates examples of two
ellipsoids: the ellipsoid in Figure 4A approximates the
lateral epicondyle of the femur, serving as a wrap object
for the three components of the lateral retinaculum. The
ellipsoid in Figure 4B is a wrap object for the fourth
component of the lateral retinaculum, preventing its
intersection with the tibia.

CEYEHOBCKWM BECTHUK T. 15, Ne 1, 2024 / SECHENOV MEDICAL JOURNAL VOL. 15, No. 1, 2024 51
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A

FIG. 4. Wrap ellipsoids.

A. The ellipsoid in the lateral condyle prevents intersection of femur with retinaculum components 1 (LR1) and 2 (LR2).
B. The ellipsoid in tibia prevents intersection of tibia with retinaculum components 3 (LR3) and 4 (LR4).

PUC. 4. Orpannumparoliye 3;UIMICOUIbL.

A. Dnnuriconp B JiaTepaabHOM MBIIIEJIKE MPESITCTBYeT MPOHUKHOBEHNIO KoMtoHeHToB petuHakyiayma 1 (LR1) u 2 (LR2) B Ge-

OPEeHHYIO KOCTb BO BpeMsA CcrubaHms.

B. Diumnconp, B 6071b111e6epIi0BOI KOCTHM MPEISTCTBYeT MPOHUKHOBEHNMIO KoMIIOHeHTOB petnHakyinyma 3 (LR3) n 4 (LR4) B 6051b-

11e6epILIOBYI0 KOCTh BO BpeMsl CruOaHus.

A

FIG. 5. Surface mesh for patella.

A. Initial patellar surface mesh provided by OpenSim.

B. Refined patellar surface mesh.

PUC. 5. TToBepxHOCTHAsI c€TKA HAIKOJIEHHMKA.

A. VicxopHast mOBepXHOCTHas ceTka 6ubmmoreku OpenSim.
B. MsmesnbueHHast MOBEPXHOCTHASK CETKaA.

Adding patellar facets

To assess the load on different parts of the patellar
cartilage surface, which covers it from the inside, 7 parts
(facets) were selected on its surface:

1. The medial (inner) facet of the patella is divided
into 3 parts (upper, middle, lower);

2. Lateral (outer) facet of the patella is divided into 3
parts (upper, middle, lower);

3. Central facet of the patella (central longitudinal
ridge).

To obtain surface meshes for facets, the OpenSim
surface mesh for the patella was refined using Gmsh [24]
(Fig. 5). On the refined mesh the triangles belonging to

B

the facets can be selected so that they preserve the facet
boundary.

Triangles of the facets were selected manually in
Paraview [25] (Figs. 6, 7A). To imitate the volume of
facets, mesh extrusion was performed using Gmsh [24]
(Fig. 7B). The normals of all triangles were reoriented
coherently after extrusion. The facets were scaled with
a scale factor 0.65 to match the size of the scaled patella
mesh.

Generated meshes for patella facets (Fig. 8A) were
included in the biomechanical OpenSim model as
contact surfaces (Fig. 8B). The contact surfaces for the
medial and lateral parts of trochlear groove contacting
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FIG. 6. Patellar facet triangles selected in Paraview.

PUC. 6. TpeyroibHUKY TIOBEPXHOCTHOM CETKM, COOTBETCTBY-
TOIIIMe OHOM 13 (ACeTOK, BbIIEIEHbI C TOMOILBIO TPOrPAMMbI
Paraview.

with the patella during knee flexion 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 simplified 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
coefficient, 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

A

FIG. 7. Mesh of one of the facets.

A. Triangle mesh of the facet surface.
B. Extruded mesh.

PUC. 7. Cetka 11 omgHOIM 13 (aceTok.

A. TpeyroibHUKY TOBEPXHOCTHOV CETKU JIJIs1 OGHOM U3 (PaceToK.

B. TerpasgpanbHas ceTka daceTky HaJKOJeHHMKA.

MATEMATUYECKOE MOOE/IMPOBAHWME XNBbIX CUCTEM

during knee flexion, the value of the stiffness parameter
was increased to 10'2. 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 functioning of the
stabilizers, modeling of passive knee flexion 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
generalized coordinates g, the velocities of the bodies
relative to each other and the laboratory coordinate
system are given by the vector of generalized velocities
3. The state of the system at some point in time ¢ 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 flexion,
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;

B
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A Central
facet

Lateral

Medial facets

facets

FIG. 8. Visualization of constructed facets.

B Central
facet

Lateral
facets

Medial
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.
PUC. 8. Busyanusauust OCTPOEHHbIX (aceToK.

A. HpE}ICTaBI{eHI/Ie B Buae CeTOK B Paraview, (l)aCETKI/I HaOKOJICHHMKa OTMeUYeHbI IIBE€TOM.
B. ®acetkn HaOKOJICHHMKa BHEJPEHbI B MOEeJ/Ib B BMi€ KOHTaKTHbBIX HOBerHOCTeI‘;ﬁ 1, 2, 3 — MeanaJibHbIe d)aCGTKI/I, 4 - LeH-

TpajibHas, 5, 6, 7 — jarepajbHbie.

3. Contact model, which describes the interaction
between the bodies;

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

The state of a model refers to the complete set of
model variables defined at a specific 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 flexion, we use
OpenSim Forward dynamics tool. Passive knee flexion
was simulated over a 20-second time interval.

The following experiments were carried out:
all ligaments are included;

MPFL is disabled,;
MPTL is disabled;
components of LR 1 and 2 are disabled,;
components of LR 3 and 4 are disabled.

Vi o =

RESULTS

The first 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 changes
in patellar trajectory were considered. The plots in
Figure 9 illustrate changes in tensions generated by

the ligaments during knee flexion. 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 11 A-D and Figures
12A-D, respectively. The disabling of MPTL has almost
no influence 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 flexion 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].
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FIG. 9. Forces generated by the ligaments during knee flexion, the unit of force is newton.
PUC. 9. I'padmk nsmeHeHust cui (B HBIOTOHAX), TEHEPUPYEMbIX CBSI3KaMM, BO BpeMsI CruGaHst KOJIeHa.

Note: MPFL - medial patellofemoral ligament; MPTL — medial patellotibial ligament; LR - lateral patellar retinaculum.
Mpumeyarne: MPFL — medial patellofemoral ligament, MeanansHas natennodemopansbHas cesiska; MPTL — medial patellotibial ligament,
MeananbHas natennotnéuansHas cesska; LR — lateral patellar retinaculum, naTepanbHblid peTUHaKYNyM.
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FIG. 10. Forces acting on the facets during knee flexion, the unit of force is newton.
PUC. 10. I'padmk nsmeHenust cui (B HBIOTOHAX), AEMCTBYIONMX Ha (haceTku, BO Bpemst crubaHus KojaeHa.

Note: MPFL — medial patellofemoral ligament; MPTL — medial patellotibial ligament; LR - lateral patellar retinaculum.
Mpumeyanne: MPFL — medial patellofemoral ligament, meanansHas natennodemopansHas ceaska; MPTL — medial patellotibial ligament,
MeauanbHas natennoTnéuansHas ceaska; LR — lateral patellar retinaculum, natepanbHblii peTUHaKyayM.

In this paper, we presented results for passive knee  other open-access OpenSim models containing the knee
joint flexion modeling. However, the model developedin  joint, e.g. into the OpenSim “Full Body Model for use in
this study can also be used to analyze knee joint function = Dynamic Simulations of Human Gait” [13]. The detailed
during movement. Since the proposed model design  representation of the knee joint allows for the analysis
has been implemented for the standard bone geometries  of patellar stabilizer tensions and contact forces between
provided by OpenSim, it can be easily integrated into  the patella and femur during the gait cycle.
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FIG. 11. Lateral-medial tilt of patella (in degrees) during knee flexion (in degrees) when stabilizers are disabled.
PUC. 11. JlatepanbHo-MequaibHbIi HAKJIOH HAJKOJEHHMKA (B rpajycax) BO BpeMs crubaHus KojeHa (B rpagycax) Ipu OTKIIIO-
YeHUY CTabWIN3aTOPOB HAIKOIEHHUKA.

Note: MPFL - medial patellofemoral ligament; MPTL — medial patellotibial ligament; LR - lateral patellar retinaculum.
Mpumeyarre: MPFL - medial patellofemoral ligament, MeananbHas natennodemopanbHas cssiska; MPTL — medial patellotibial ligament,
MefnanbHas natennotTnéuansHas cesska; LR — lateral patellar retinaculum, natepanbHbiii peTUHAKYNyM.
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FIG. 12. Lateral-medial translation of patella (in meters) during knee flexion (in degrees) when stabilizers are disabled.
PUC. 12. JlarepasibHO-MenMaabHOE CMeIleHe HaKOJeHHMKa (B MeTpaxX) BO BpeMst CrubGaHus KojieHa (B Ipaaycax) Ipu OTKIIIO-
YeHMY CTabMIM3aTOPOB HAIKOIEHHVKA.

Note: MPFL - medial patellofemoral ligament; MPTL - medial patellotibial ligament; LR - lateral patellar retinaculum.
Mpumedanne: MPFL - medial patellofemoral ligament, MegnansHas natennodemopansHas ceaska; MPTL — medial patellotibial ligament,
MeauanbHas natennotTubnansHas ces3ka; LR — lateral patellar retinaculum, natepanbHbiid pETUHAKYAYM.
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This research has significant 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,
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