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COMPUTER MODELLING OF PATELLAR INSTABILITY IN
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UMHUTAIMOHHOE KOMIIbBIOTEPHOE MOJAEJTUMPOBAHUE HECTABMJIbBHOCTH HAKOJIEHHUKA,
KOTOPOE COITPOBOXKIAETCS JUCIIJIASBUEN OTPOCTKOB BEAPEHHOU KOCTH

Abstract. Constructed a dynamic model of patelofemoral joint on human-based simulation computer model of a complex system of
movement connected elastic and rigid bodies. Options patella biomechanical movement of bodies connected by joints defined by
vector given angular velocity of rotation of the tibia. Patella speed depends on patellar spring-equivalents tension forces in
connection, providing interaction force between the bodies of the simulation model. In this article, using of information technologies
and application software a dynamic simulation model of patellofemoral joint is created. By calculation and theoretical determination
of the angular, linear displacements of the patella, and the equivalent of von Mises stress in the patellar cartilage at knee flexion
from 0° to 30° in normal and patellar instability, which is accompanied by trochlear dysplasia type A and B established that the
concentrators at patellar instability are placed only on the lateral facet, regardless of the type of trochlear dysplasia. Type of
dysplasia affects patellar displacement and distribution of von Mises equivalent stress in the patellar cartilage in normal and at
instability.

The adequacy of the results of the numerical experiment tested by convergence controlled parameters values of stresses in the zones
of maximum gradient.

Keywords: computer simulation, finite element method, patellar instability, trochlear dysplasia.

Introduction. Patellar stability and normal functioning of patellofemoral joint depends on clear interaction
between soft tissue and bone stabilizers [1]. Tension in the patellar cartilage depends on knee flexion angle,
intercondylar groove geometry and femoral condyles, state of medial and lateral stabilizers.

Effect of intercondylar groove geometry on patellar stability and soft tissue damage stabilizers have been
investigated in 2D models [2, 3]. 3D model fully reflects the geometry of patellofemoral joint, the effect of dynamic
soft tissue stabilizers m.vastus medialis obliqus on stress distribution in patellofemoral joint [5], and let simulate various
pathological conditions and surgery [4, 8]. Simulated computer modeling using finite element method (FEM) to
determine the stresses in the cartilage of the patella was applied to study patellofemoral pain syndrom [6, 7].

The question regarding impact of intercondylar groove geometry (of different types of trochlear dysplasia) on
patellar stability, stress distribution in the patellofemoral joint cartilage and possible mechanisms of cartilage damage of
the patellar with instability, accompanied by trochlear dysplasia remain open. In the literature there are no data to build
dynamic simulation computer models of patellofemoral joint in normal and at patellar instability, accompanied by
trochlear dysplasia (Dejour type A and type B). The reason are the mathematical difficulties encountered in the
construction of numerical solutions for problems of biomechanics for deformed bodies connected with elements that
move.

Objective. To carry out computational and theoretical study of linear and angular patella displacements and
patterns of stresses distribution in the patellar cartilage in normal and at instability, accompanied by trochlear dysplasia
of type A and type B by Dejour when bending the knee.

Materials and methods. The task is solved using the methods of cone-beam computer tomography for visual and
quantitative evaluation of density and geometry parameters of the inhomogeneous bone structure of the knee joint,
whichare visualized, mechanics of solids, which elastically deformed, computational mathematics and information
technology for simulation FEM the dynamics of patellar with instability, accompanied by dysplasia of the femoral
condyles using CAD / CAE systems.

The object of study in this paper is selected the dynamic simulation computer model of biomechanical knee
(Fig. 1) in normal and patellar instability conditions that is created from five volumetrical structural elements: three
solids (patella, femur and tibia bones) that are not deformed, two highly compressible bodies (cartilage patella and
femoral condyles) that can be elastically deformed and five spring equivalents ligaments of patella and quadriceps
femoris, providing interaction force between bodies.
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Three-dimensional volumes of the femur and tibia, patella and articular cartilage, based on actual CT knee with
two types of dysplasia femoral condyles (type A and B) and presented as paired bodies amounts of data in applications
MIMICS and Solidworks [11,12]. Cartilage patella and femur form in imitating model joint shared contact area that
varies with flexion / extension of the knee.
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Fig. 1. A simulation model of biomechanical knee joint with an arrangement of connected elements in the initial state
(a) and when it is bent at 30 degrees (b)

The quantities of each spring stiffness defined according to [3] for experimental research gnatodynamometria for
muscles and ligaments patella (Table 1). Topology their placement in imitating model patellar determined by
biomechanical characteristics of the knee joint of man and the preliminary results of the numerical experiment.
Mechanical properties of articular cartilage tissue and ligaments selected according to the papers [1, 2] and are given in
Table 1.

Table 1
Mechanical properties of ligaments, cartilage and quadriceps
Young's modulus, Poisson's ratio Stiffness N / mm
MPa

Articular cartilage 2.077-0.518[2] 0.465 —0.326[2] --

Patellar ligament - - 97 [3]

The medial and lateral
patella  femoral ligament - - 73]
(normal state)

Patelofemoralna ) ) 0.3[3]
medial ligament (instability) '

Quadriceps - - 1[3]

To study the dynamics of movement patella when bent tibia relative to the fixed femur in imitating model
inserted joint hinges with appropriate degrees of freedom. Patellar instability modeled by reducing rigidity of medial
patelofemoralliagament to 0.3 N/mm [3]. Discretized models of cartilage and patella femoral conducted in
programming complex Ansys 12.1 [13] using the finite tetrahedronelements in the number of 2839 and 4180
respectively for joint models of type A and type B. They required amount determined iterative. The adequacy of the
results of the numerical experiment examined convergence controlled parameters values of stresses and strains in the
zones of maximum gradient.

In nonlinear dynamic equations that describe the mechanical state of the united contacting solid and deformed
moving bodies, using basic classical balance ratio of continuum mechanics in the form of conservation laws. Transfer
equation, dynamic equilibrium, compatibility of deformation constitutive relation for small deformations in the form of
Cauchy and elastic stresses by Hooke's law, boundary and initial conditions and value in the form of restrictions on
power and kinematic conditions of contact interaction of deformed bodies of continuum mechanics underlying the
developed mathematical model.

To describe the dynamics of connected bodies of biomechanical system chosen three-dimensional Euclidean
space with different coordinate systems and classical times. As a basis in the space of a motionless observer used a

three-dimensional orthogonal system of Cartesian coordinates. It was taken that at the initial time # connected
undeformed body and occupy the spatial region of volume V°and initial configuration QOC and respectively V¢ for the
known current configuration €. at the time ¢ .Options patella biomechanical movement of bodies connected by joints

defined by vector of given angular velocity @ (f) of rotation of the tibia on the pole O. Speed depends on patellar

tensionforces of spring ligament patella equivalents, providing interaction force between the bodies of the simulation
model.
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In order to simplify the analysis of the relative motion of particles elastically deformable environment patellar
cartilage have introduced a number of hypotheses. It was taken that the interval of time that precedes? >1,, is
movement of particles undeformed environment tibia and tightly interconnected cartilage and patella. At the current
small time interval [, ] the motion of particles environment patellar cartilage presented by superposition of finite

displacements of rolling undeformed environment and displacement caused by its deformation.

The move trajectory of the center of mass patella of given shape determines the geometric profile of surfaces
coupling cartilage and patella femoral condyles, kinematic and force conditions on the surface of the contacting
deformed bodies cartilage patella and femur, the current distribution of forces tension springs model thigh muscles and
ligaments in flexion knee at a given angle.

Results. In this clinical study we first proposed and applied the dynamic simulation computer model of
patellofemoral joint for the study of stress distribution in patellar cartilage in normal and at instability in different types
of trochlear dysplasia (A, B by Dejour) . Patellar movement and stress distribution in the cartilage on the lateral and
medial facet is determined by coherent interaction of lateral and medial stabilizers, quadriceps femoris and own patellar
ligament as well as patellar geometry and intercondylar groove. Pattelar instability is characterized by damage of the
medial patellofemoral ligament [1], which is the primary soft tissue stabilizer of patella at first 30° flexion of the knee
joint. Violation of the integrity of the medial stabilizer affects the patellar congruence of intercondylar groove and alters
the stress distribution in patellar cartilage.

Model A (norm) is characterized by a gradual increase in tension in the patellar cartilage to the achievement of a
maximum of 2.30 MPa at an angle of knee flexion 30° (Fig. 2). Tension concentrators are divided into medial and
lateral patellar facet dominated by lateral facet.

When bending the knee from 0° to 30° a medial lateral displacement of the medial patellar size 1.6 mm takes
place. Lateral patellar tilt angle when bending the knee at 30° was 10°. Biomechanics of patellofemoral joint in normal
while bending the tibia from 0° to 30° is characterized by medial patellar displacement, due to spatial orientation of
intercondylar groove of the femur.
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Fig. 2. Distribution by Mises equivalent stress in MPa patellar cartilage normally
at 30° knee flexion, the trochlear dysplasia type A

Model A, (instability) is characterized by a gradual increase in tension in the patellar cartilage when bending the
knee between 0° to 20° and the appearance of fluctuations in their amplitudes in the range of angles of inclination of the
tibia from 20° to 30°, with the advent of maximum stress 2.09 MPa respectively, at 24° and 29°. Stress concentrator at
instability is located on the lateral patellar facet and progressively decreases depending on the angle of flexion
compared with the normal (Fig. 3). At 30° flexion of the knee joint by Mises equivalent stress in the patellar cartilage
was 1.93 MPa.
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Fig. 3. Distribution of Mises equivalent stresses in MPa cartilage patellar instability at 30° knee flexion
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At instability, accompanied by trochlear dysplasia type A, bending the knee from 0° to 30° lateral transverse
patellar displacement of 4.1 mm was noted. The angle of patella when bending knee at 30° was 25°.

When comparing the stress in the models A; (normal) and A, (instability) we defined the tendency to increase
tension in the patellar cartilage at instability in the knee flexion angles from 0° to 25° (Fig. 4) and the emergence of
tension concentrator only on lateral facet at instability. Tension in the patellar cartilage at instability, accompanied by
trochlear dysplasia type A, increased by 116% compared to the norm at an angle of flexion 10°, by 105% at an angle of
flexion 20° (Table 2).

However, at the corner of knee flexion 30° tension in patellar cartilage in normal was 2.3 MPa, while at
instability - 1.9 MPa, which is 16% less than normal (Table 2). Reducing tension in the patellar cartilage at instability,
accompanied by condyle dysplasia type A, 30° flexion of the knee can be explained by progressive lateral patellar
displacement that characterizes the tendency to dislocation of the patella (complete mismatch of the articular surfaces of
patella and femoral condyles). Difference in patellar transverse displacement between norm A; and instability A, was
5.7 mm. With instability A, the angle of lateral patellar tilt increased by 15° compared to the norm.

The findings indicate impact of intercondylar groove on the position and stability of patellar in normal. Patellar
lateralization caused dy the damage of the medial patellofemoral ligament at instability disturbs congruence in
patellofemoral joint and increases tension on the lateral facet during interaction between intercondylar groove and
patella.
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Fig. 4. Dependence of equivalent according to Mises stresses in the cartilage of patella on bend angle of the knee joint
in normal and at patellar instability, accompanied by trochlear dysplasia type A

Patellar instability, accompanied by trochlear dysplasia type A, characterized by increased tension on the lateral
facet in patellar cartilage and angular and linear displacements of patella in relation to the femur.

The tension on the patellar cartilage in normal (Bl) at condyle dysplasia type B is characterized by the
appearance of cyclical fluctuations and increase with the achievement of maximum 2.30 MPa at an angle of knee
flexion 22°. Concentrators of tension are divided into medial and lateral patellar facet dominated by lateral facet.
Tension at an angle of 30° is 1.80 MPa with localization of tension concentrator on lateral facet (Fig. 5).
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Fig. 5. Distribution of equivalent by Mises stresses, MPa of patellar cartilage is in norm, at 30° knee flexion, at the
trochlear dysplasia type B
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Fig. 6. Distribution of equivalent by Mises stresses, MPa of patellar cartilage is at instability, at 30 ° knee flexion, at the
trochlear dysplasia type B

When bending the knee from 0° to 30° medial lateral patellar displacement of -4.7 mm was noted. The angle of
patella when bending knee at 30° was 12°.
The tension on the patellar cartilage at instability, accompanied by trochlear dysplasia type B, is characterized by
the increase from 0° to 28° with the advent of peak vibrations at 4° (0,88 MPa), 22° (1,80 MPa) and 28° (2.22 MPa)
bending, with the advent of maximum stress 2.22 MPa at 28° (Fig. 7). The hub tension appears only on the lateral
patellar facet
When bending the knee from 0° to 30° medial lateral patellar displacement of -3.4 mm was noted. The difference
in displacement between the rate of B, and B, instability was 1.3 mm. The angle of patella when bending knee at 30°

was 19°. The angle of inclination of the lateral patellar at B, instability increased by 7° co
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Fig. 7. Dependence of stresses in the cartilage of patella on bend angle of the knee joint in normal and at patellar
instability, accompanied by trochlear dysplasia type B

When comparing the model B, (normal) to B, (instability) it was defined the tendency to increase the tension in
patellar cartilage at instability in the knee flexion angles from 5° to 22° and 28° to 30° (Fig. 7), and the emergence of
tension concentrator on lateral facet at patellar instability (Fig. 6).

The tension in the patellar cartilage at instability, accompanied by dysplasia of the femoral condyles type B,
increased by 26% compared with the norm at an angle of flexion 10°, by 20% at an angle of flexion 20°, by 23% at an
angle of flexion 30° (Table 2).

Table 2
Distribution of equivalent by Mises stresses in the patellar cartilage models of type A and B, depending on the angle of knee
flexion
Dysplasia type A Dysplasia type B

o Al, Az, Bl’ Bz,
ED § norm instability norm instability
_g 5| Tension in Tension in the Stress change in Tension in the | Tension in the | Stress change in
S 3| the patellar patellar patella cartilage patellar patellar patella cartilage
M cartilage, cartilage, MPa compared with cartilage, MPa | cartilage, MPa | compared with

MPa norm A; % norm B %

10 0,69 0,80 116 0,70 0,88 126

20 1,39 1,46 105 1,17 1,40 120

30 2,30 1,93 84 1,80 2,22 123
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These data indicate that trochlear dysplasia type B does not provide the necessary stability and congruence of
patellofemoral joint at 30° flexion of the knee joint. The stability of the patella at trochlear dysplasia type B was more
dependent on the state of the medial patellofemoral ligament than at trochlear dysplasia type A. Damage of the medial
patellofemoral ligament at dysplasia type B causes more stress in cartilage patellar than at instability when accompanied
by dysplasia type A (Table 2).

Patellar instability, accompanied by trochlear dysplasia type A is characterized by more angular and linear
displacements than with patellar dysplasia type B. This study revealed features of kinematics at patellar instability,
manifested by a tendency to increase the tension in the articular cartilage or in increasing lateral patellar displacement
depending on the type of dysplasia.

The work done when bending the knee at patella instability is realized mainly into the increase in tension in the
cartilage in the conditions of its elastic deformation or lateral patellar displacement.

Trochlear dysplasia of Type B is characterized by a smaller angle of inclination of lateral condyle femur and
lower angle of intercondylar groove, and therefore does not provide the necessary correct position and stability of the
patella. The more severe the dysplasia, the more important is the role of the medial patellofemoral ligament in ensuring
patella stability.

Conclusions

1. Construction using finite element simulation computer models of patelofemoral joint in normal and pathology at
different bending angles lets determine the state of all components of dynamics of the created biomechanical system
at load, as well as prove approaches of correction patellar instability at different types of trochlear dysplasia.

2. The main pathogenetic factor in patellar cartilage damage at instability is to increase the tension in the patellar
cartilage when bending the knee and the appearance of stress concentrators only on lateral facet regardless the type
of dysplasia.

3. Type of trochlear dysplasia affects the stability of patella, angular and linear displacement, stress distribution in
patellar cartilage and cartilage damage of patellofemoral joint, and hence the development of patellofemoral
osteoarthritis.

4. Direct correlation between the severity of dysplasia and stabilizing role of patellofemoral medial ligament has been
established. Structural and functional insufficiency of condyle femoral is compensated, to some extent, by soft tissue
stabilizers.

5. Instability of patellar with dysplasia type A is characterized by large angular rotation at 25° and linear 5.7 mm
displacements of its center of mass with a slight increase in tension in the cartilage at 16% occurring in the range of
knee flexion from 10° to 20°.

6. Patellar instability, accompanied by dysplasia type B, is characterized by an increase of 26% strain in its cartilage
during joint flexion angles between 0° and 30°, with slight corner bends at 7 ° and 1.3 mm linear bias of its center of
mass.

7. Stability of patellar and distribution in cartilage stress depends not only on damage of the medial patellofemoral
ligament, but also on the type of trochlear dysplasia.

Anomauia. Cmeopeno Ounamiyny moolensb namenogemopanvhozo cyenoda. IIpogedeHo GusHaueHHs KYMOBUX ma JiHIHUX
nepemiujeHb HaKONIHKA, a MaKodic exgisarenmuux 3a Mizecom Hanpysicenv 6 Xpawji HAKONIHKA NPU 32UHAHHI KOTIHHO2O cyenoba i
0° 0o 30° 6 Hopmi ma npu HecmMabiIbHOCMI HAKOIIHKA, WO CYNPOBOONCYEMbCS QUCNIA3IEN GUPOCMKIE cmecH080l Kicmku mun A ma
B. Bcmanoeneno, wo npu necmaditbHOCMi HAKONIHKA KOHYEHMPAMOPU HANPYICEHb POIMAUMOBYIOMbCA NUMe HA NamepatbHill
Gacemuyi nesanedxcno 6i0 muny oucnaasii. Tun oucniazii eniusae Ha Kymoei ma JiHilHI NePeMiyen s HAKOMIHKA, d MAKOIC PO3NOOIL
exgieanenmuux 3a Mizecom nanpyoicenv @ Xpsiuyi HAKOIIHKA 8 HOPMI Ma Npu HeCMAOITLHOCMI.

Knrouosi cnosa: xomn’tomepre mMoOent08anHA, MemMoO CKIHYEHHUX eNleMeHmis, HeCmAabilbHICMb HAKOMIHKA, OUCNIA3ia 8UPOCTIKIB
cmezHa.

Annomayusn. B oannoii pabome Ha cO8peMEHHOM YPOGHE PA3BUMUSA UHDOPMAYUOHHBIX MEXHON0SUU U NPUKIAOHO20 NPOSPAMMHO20
obecneuenuss Cco30aHA OUHAMUYECKAS UMUMAYUOHHAS MOOelb  namenogemopanivhoco cycmasa. IIposedeno  pacuemmo-
meopemuyeckoe onpeoeyieHue Y2i06blx, TUHEUHbIX CMeWeHUll HAOKONEHHUKA, d MAK#Ce IKGUBATEHMHbIX 3a Muzecom HanpsiceHuil 6
Xpsue HAOKONIEHHUKA npu ceubanuu Koaennozo cycmasa om 0° 00 30° 6 HoOpme u npu HeCMAOUILHOCIU, YMO CONPOBONHCOAEMC S
oucnaasueti mvlyenkog beopa mun A u B. Yemanoeneno, umo npu necmabunbHocmu HAOKOIEHHUKA KOHYEHMPamopbl HANPANCEHU
Pasmewjaiomcs. monbKo Ha 1amepanbHoll ghacemke Hezasucumo om muna oucnaazuu. Tun Oucniasuu enusem Ha cmeujeHue
HAOKONEHHUKA U  pacnpedeieHue SKeusareHmuvlx 3a Muszecom wnanpsixcenuii 6 Xxpsauje HAOKONEHHUKA 6 HOpMe U Npu
HecmaburbHOCmU.

Knrwouesvie cnosa: xomnviomeprnoe MoOenuposarie, Memoo KOHEUHbIX 1eMEHMO8, HeCmabulbHOCMb HAOKONEHHUKA, OUCHIA3Us
Mbluenkos beopa.
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