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Damage to the posterolateral angle of the knee joint is an injury
that occurs occasionally and can be isolated or combined with
tears of the posterior or anterior cruciate ligaments. The key
link of damage to the posterior lateral corner is the rupture
of the tendon of the hamstring muscle, mained stabilizer of ex-
cess external rotation lower legs. Objective. Determine the op-
timal fixation position tendon graft on the posterior surface
of the tibia subject to recovery of the hamstring muscle which
ensuring the greatest stability of the lower leg during external
rotation. Methods. Models of the knee joint were built with dif-
ferent attachment points of the popliteal graft muscle in the AN-
SYS software environment. The criteria for evaluating the ef-
fectiveness of selecting the fixation point of the transplant were
chosen as the degree of movement of the finite parts elements
of the model. Results. The smallest movements in all directions
received in the case when the transplant fixed as far as possible
outwards and upwards, near the joint surface. Maximum — in
the direction of the coordinate axes, as well as full movement
were recorded for the control model, in the absence of the ham-
string tendon The nature of the distribution of displacement
fields in all models p graft and control were identical. Biggest
there were additional displacements in the direction of the x axis
(outward). on the front border of the platform, and the larg-
est negative (so far redins) on the back. The largest additional
shifts to the sides the y (front) axes are fixed at the leftmost limit
and the largest negative (back) — to the rightio Conclusions. In
view of the stability of the lower leg during rotational loading,
the most effective is fixation of the hamstring graft on the back
surface of the fibula is as late as possible and closer to its car-
diac surface, finished in this case, the dimensions are found to
be the smallest in all directions. The greatest displacement in all
directions obtained in the control model for less tendon ham-
string muscle.
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Viukooowcenna 3aonvoramepanbhozo Kyma KONIHHO20 CY2lo-
6a — mpasma, AKaA Mpaniaemuvcsa 3pioka, modce Oymu i3o-
JIbOBAHOIO Ul NOEOHAHOIO 3 PO3PUBAMU 3A0HbOI OO nepednbol
cxpewyjenux 36’a30k. Kniouo6oio 1ankorn yukooicents 3a0Hb0-
J1amepansHo20 Kyma € po3pus CyXoduCuika nioKoiiHHO20 Ma3a,
OCHOBH020 cmMabiNi3amopa HAOTUWKOB0I 306HIWHBOI pomayii
eominku. Mema. Busnauumu onmumanvHe nonoxcenua Qixcayii
CYXOIUCUTIKOBO20 MPAHCNIAHMAMA HA 3A0HIl NOBEPXHI 8eNUKO-
2OMINIKOBOI KICMKU 30 YMOB GIOHOBIeHHA NIOKONIHHO20 M 34, WO
3abe3neuye HatOLIbuy cmabilbHICMb 2OMIIKU N0 4aAC 308HIUL-
uvoi pomayii. Memoou. I1o6yooseano modeni KoiHHO20 cyenoba
3 PI3HUMU TMOYKAMU KPINJeHHs MPAHCHIAHMAama nioKoJIiHHO20
m’aza 6 npoepammomy cepedosuwyi ANSYS. Kpumepiamu oyinro-
8anHs epekmusHocmi 6uOOPY mouku Qixcayii mpancnianmama
06pano cmynenv nepemiujenHs 4acmuHt CKIH4eHHUX eleMeH-
mig mooeni. Pesynomamu. Hatimenwi nepemiwjenns y 6cix Ha-
NPAMKAX OMPUMAHT Y 6UNAOKY, KOIU MPAHCHAAHMAM QIKCY8au
MAKCUMANLHO HA308HI ma 0o20pu, Oinis cyen00080i nogepxui.
Maxcumanvni — y HanpamMKy KOOPOUHAMHUX OCeU, A MAKOIC
NOBHO2O NepemiueHHs 3aIKco8ani 05 KOHMPOAbHOI Mooell,
3a 6IOCYMHOCMI CYXOXMCUNKA NIOKONIHHO20 M’A3a. Xapaxmep
PO3N00INY NONIE nepemiyerb y 6cix mooenell i3 MpancniaH-
mamom i KOHmpoavHiu 0y8 ioenmuunum. Haiibinvwi oooammi
nepemiujens y HanpamMKy 0Ci X (HA306Hi) BUHUKAIU HA NepeOill
meoici naamgpopmu, a Haubinvwi 8i0’€emui (docepedunu) — Ha
3aonii. Haubinowi dooamui nepemiujenns y 6ix oci y (6neped)
3agikcosani Ha KpatiHitl 18l medici, a Haubitbuli 610 €EMHI (Ha-
3a0) — Ha npasiil. Bucnosku. 3 0enady na cmabinbHicmy 2oMinKu
nio uac pomayiiiHo20 HA8AHMAICEHHS HAle(heKMUBHIULOI € (iK-
cayis mpancniaumama niOKONIHHO20 M’A3a HA 3A0HII NO8EPXHI
6ENIUKO2OMINKOBOI KICMKU MAKCUMATILHO IAMEPAIbHO ma 6audicue
00 i ¢yen06060i NoGepxHi, OCKITLKU 8 YbOMY BUNAOKY 8ETUYUHU Ne-
pemiujeHb GUABUNUC, HAUMEHWUMU Y 6CIX HanpamKkax. Hatibinousi
nepemiuyents y 6Cix HanPAMKAx OMpPUMAHI @ KOHMPOTbHIL MOOei
3a 8I0CYMHOCMI CYXO0XHCUIKA NIOKONIHHO20 MA3a. Kntouosi crosa.

Koninnuii cyeno6, mpancnaanmam, Cyxodicunox.
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Introduction

An injury to the posterolateral angle of the knee
joint occurs occasionally and may be isolated or
combined with tears of the posterior or anterior cru-
ciate ligaments [1, 2]. The key link of damage to
the posterolateral corner is the rupture of the tendon
of the popliteal muscle — the main stabilizer of ex-
cess external rotation of the shin (Fig. 1). Such inju-
ries can be isolated or occur in complex traumas, in
combination with ruptures of the posterior and anterior
cruciate ligaments, dislocations of the lower leg, etc.

Popliteal tendon repair is often referred to as
the «key» to successful treatment of posterior knee
instability. At the same time, the problem is that
the restoration of the function of the popliteal muscle
is performed not quite anatomically, accurately re-
producing only its attachment to the femoral condyle.
Surgical intervention for plastic surgery of the popli-
teal tendon involves drilling a channel in the external
condyle of the tibia from front to back, the exit point
of which on the back surface of the tibia is the geo-
metric place of attachment of the graft — in the pro-
jection of the popliteal tendon (Fig. 2, tendon graft
is shown in green color). In addition, repair involves
replacement of the muscle that contracts and pulls
the tibia in relation to the thigh with a tendon graft
of constant length. Such restoration will never be ei-
ther anatomical or physiological. However, there is
no other option to restore the function of the popliteal
muscle, and choosing the lesser of two evils, we sta-
bilize the external rotation of the tibia with a tendon
graft of constant length. Graft attachment point on
the back surface of the tibia is the subject of our inte-
rest in the present study. Exact recommendations for
its selection are not given in the literature.

Purpose: to determine the optimal position of fixa-
tion of the tendon graft on the back surface of the ti-
bia under conditions of recovery of the popliteal mus-

Fig. 1. Anatomical structures of the posterolateral corner of the
knee joint: / — external head of the gastrocnemius muscle; 2 —
lateral bypass ligament; 3 — popliteal tendon [3]

cle, which provides the greatest stability of the tibia
during its external rotation.

Material and methods

The research was carried out using the soft-
ware package, based on the finite element method
in the ANSYS software environment. The object
of the study was the knee joint and its ligaments. In
order to simplify calculations, the geometric model
comprised only the articular ends of the tibia, fibula,
and femur, which form the knee joint (Fig. 3).

Considering the complex geometry of the bone
surface, the articular ends were constructed from
computed tomography (CT) data of an adult knee
joint using specialized CT-images processing soft-
ware (3D Slicer).

The received model in stl format was used for
further calculations. Therefore, the shape and dimen-
sions of the model corresponded to the real human
knee joint. At the same time, the overall (maximum)
dimensions of the model in the horizontal plane were
100 x 70 mm. To reduce the total number of finite
elements, the model was limited in height to 15 cm.
The calculated model of the knee joint corresponded
to the position of extension in its vertical orientation.

It stands to mention that when modeling the sta-
bility of the knee joint, it is quite difficult to fully
reflect its structure and the behavior of individual li-
gaments, both in terms of the geometry and physics
of this anatomical structure. Each ligament consists
of fibers that form bundles; the latter are attached to
the articular ends of the bones at several points, oc-
cupying a certain area on the surface of the bone. At
the same time, the ligament can vary in thickness,
expanding to the places of attachment, and also, due
to the different direction of the fibers, it can have
a rotation of the cross section around its longitudinal
axis. In addition, ligaments possess not only elastic
physico-mechanical properties, but also such as con-
tractility and relaxation, which are a time-consuming
task to define and take into account.

It is obvious that the reproduction of the peculiari-
ties of the structure and properties of connections
would significantly increase the time for building
the model (geometrical side of the problem) and per-
forming the calculation (physical side of the prob-
lem). In addition, sometimes it is impossible to take
into account some features of ligaments.

With this in mind, we have considered the liga-
ment as a tension-only element, that is, we have as-
sumed that only longitudinal forces can occur in
the ligament that stretch it. Therefore, we considered
it possible to replace the actual forms of connections
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with cylindrical elements with low bending stiffness
(by reducing the dimensions of the cylinder diame-
ter). The bases of the cylinders were fixed at the start-
ing points of the ligaments, which were defined as
the center of the ligament contact zone with the bone
surface. The diameters of all cylinders were equal to
2 mm, and the lengths were determined by the places
of attachment of ligaments (Fig. 4).

Table 1 shows the actual cross-sectional dimen-
sions and ligament lengths of the knee joint.

The material of the elements (bone and ligament
of the knee joint) was considered elastic, homoge-
neous and isotropic. Since the subject of research is,
first of all, the stressed-deformed state of the liga-
mentous apparatus of the knee joint, and also taking
into account the significant difference in the elastic
properties of bone tissue and ligaments, the articular
ends of the bones were given the properties of com-
pact bone tissue (spongy bone was not selected):
module Young's ratio is 2 x 104 MPa, Poisson's ra-
tio is 0.25 [10]. Mechanical values of the ligament
apparatus used in the calculations corresponded to
the average values of the properties of the ligaments
of the knee joint of an adult (Table 2).

It should be noted that replacing the anatomical
shape of the ligaments with their simplified mo-
dels in the form of cylinders results in a change in
some characteristics of the models, namely: stiffness
of the cross section of the rod (ligaments) during
stretching (EA), Young's modulus (E), cross-sectional
plane (A). Therefore, it was necessary to determine
such modulus of elasticity, the value of which would
give the models of connections stiffness indicators
similar to the real ones. For this purpose, the gi-
ven elastic modulus of the ligaments was calculated
based on the equality of the tensile stiffness values
of the ligament and the cylinder simulating it:

ElAl = EcAc, (D
where ElAl is the tensile stiffness of the ligament,
EcAc is the tensile stiffness of the cylinder.

Hence, the modulus of elasticity of the ligament is:

Ec=EIAl/ Ac. )

The results of the calculations are given in Table 2.

The calculation model was loaded as follows.
From the side of the shin, the knee joint is known to
be formed by the articular ends of two bones: tibia
and fibula, which are shown in the calculation model.
These bones can be movable relative to each other,
and in the case of applying a load to the lower leg,
the impact on both bones must be transmitted simul-
taneously. In order to exclude mutual displacement
of the fibula and tibia bones, the joint ends in the low-
er part of the model were rigidly connected to each
other by a cylindrical element (platform) with a height
of 10 mm and a diameter of 120 mm (Fig. 5, a, b, d).
Mechanical properties of the platform corresponded
to the properties of compact bone.

The basis of this study is the evaluation of one
of the functions of the popliteal muscle — ensur-
ing the stability of the lower leg during external ro-
tation. Therefore, the load of the model was carried
out by a torque, which was applied to the lower base
of the cylindrical platform in the outward direction
(Fig. 5, d). That is, external rotation of the tibia was
performed. The magnitude of the moment was cho-
sen arbitrarily, and after preliminary calculations it
was determined at the level of 15 N X m.

The following boundary conditions were applied
to the model: movement of the femur fragment in all
directions was prohibited, vertical movements were
allowed for the lower leg model, and free movements
were allowed in other directions.

For ease of orientation, a rectangular coordi-
nate system was introduced (Fig. 5, a). In relation to
the model, x-axis was directed from the inside-out;
y — perpendicular to x-axis, back to front; z was per-
pendicular to the x0y plane, from bottom to top. That
is, z-axis coincided with the vertical axis of the lower
limb model, and the x0y plane was perpendicular to
this axis.

In order to carry out a study on determining
the most optimal fixation position of the popliteal

Table 1 Table 2
Dimensions of the ligaments of the knee joint [3-8] Mechanical properties of ligaments of the knee joint [7-9]
Ligament Length, Cross-sectional plane, Ligament Young's Poisson's Reduced Young's
mm mm? modulus, MPa ratio modulus, MPa

Anterior cruciate 32.00 37.40 Anterior cruciate 123 0.4 1464
Posterior cruciate 35.00 64.05 Posterior cruciate 168 0.4 3425
Lateral collateral 48.15 8.76 Lateral collateral 280 0.4 781
Medial collateral 68.99 24.54 Medial collateral 224 0.4 1750
Popliteal 34.30 21.90 Popliteal 130.9 0.4 913
tendon tendon
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muscle graft on the back surface of the tibia, 9 calcu-
lation schemes were built, which differed in the place
of its attachment. A control 10" model was also built,
where there was no popliteal tendon. The transplant
was modeled in the form of a cylinder with a diame-

Fig. 2. Reconstruction of the posterolateral angle according to
LaPrade. Lateral and posterior view. FCL — bundle that restores the
peroneal bypass ligament, PLT — tendon of the popliteal muscle,
PFL —popliteal fibular ligament

ter of 2 mm; its elastic properties are shown in Tab-
le 2. The upper edge of the graft was attached to
the anatomical starting point of the popliteal tendon
on the external condyle of the femur, and the posi-
tion of its fixation on the back surface of the tibia
was changed vertically and horizontally in the frontal
plane. For the convenience of attaching the lower part
of the graft to the tibia, it was carried out through
cylindrical elements created on the back surface of its
external condyle (Fig. 6, a, b).

Results and their discussion

Based on the results of the calculations, the pat-
terns of the distribution of stresses, deformations
and movements in the elements of the knee joint mo-
del (articular ends of bones and ligaments) were ob-
tained. It should be reminded that the study was con-
ducted to determine the optimal position of the graft
for restoration of the popliteal muscle on the back
surface of the external condyle of the tibia. Since

| 4

Fig. 3. Three-dimensional
model of the knee joint:
view from the back (a), from
the outside (b), from the front
(c), and from the inside (d)

Fig. 4. Diagram of the location
of the ligaments of the knee
joint: view from the back
(a), from the outside (b),
from the front (c) and from
the inside (d)
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Fig. 5. Model of the knee
joint: a) used coordinate
system; b, c¢) connection
of the tibia and fibula bones
in the proximal epiphysis;
d) direction of the rotational
load action
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the main goal of the operation is to ensure the sta-
bility of the lower leg during rotational loading, we
chose the degree of movement of parts of the fi-
nite elements of the model as criteria for evaluating
the effectiveness of selecting the graft fixation point.
The main values were the maximum displacements
of the points of the cylindrical platform in the direc-
tions of the x, y coordinate axes, as well as the total
displacement of the platform.

Table 3 shows the largest and smallest, taking
into account the sign, displacement of the points
of the model along the coordinate axes, as well as
the magnitude of total displacement. We can see that
the outward displacement of the tibia in the frontal
plane (positive direction along the x-axis) was greater
than in the sagittal (along the y-axis) for all variants
of graft fixation. At the same time, the values of out-
ward movements were greater than inward move-
ments, and forward movements were greater than
backward movements. This indicates that under con-
ditions of rotational load on the knee joint, the pre-

dominant displacement of the lower leg model occurs
outward and forward.

Evaluation of movements along the x-axis (in
the frontal plane) showed the following: regardless
of the height of the graft fixation (levels 1, 2, 3),
if the attachment point is shifted from the outside
to the inside (from points C to points A, Fig. 6, b),
the values of x,,, increase. At the same time, x,,;,
displacements during fixation of the graft below
the articular surface (points 2ABS and 3ABS) de-
crease when moving from the lateral fixation point
(point C) to the middle (point B), and then in-
crease again when moving from the middle point
B to the medial point A. However, at the upper le-
vel (IABC), under the conditions of displacement
of the fixation point from the outside to the inside
(from C to A), the displacement of the x,,;, (in the di-
rection of the x-axis to the inside) and x,,,, platform
points gradually increases.

The nature of the distribution of y,,.. and .,
displacements in the direction of the y coordinate
axis was similar to those along the x-axis (Table 3).

Fig. 6. Diagram of the location of fixation points

of the graft for the reconstruction of popliteal tendon

Table 3

Displacement of platform points

Point location Displacement, mm
along x-axis along y-axis maximum
total displacement (d)
Xmax Xmin Vmax Vmin
1A 9.999 —4.324 8.369 -5.955 10.245
1B 9.703 —4.125 8.136 -5.691 9.959
1C 9.147 -4.015 7.710 —5.452 9.385
2A 9.954 —4.422 8.335 —6.042 10.183
2B 9.487 —4.149 7.963 -5.673 9.722
2C 9.431 -4.292 7.949 -5.773 9.651
3A 9.947 —4.471 8.336 —-6.082 10.170
3B 9.672 —4.365 8.127 -5.909 9.894
3C 9.644 -4.529 8.127 —6.047 9.848
Without tendon 10.696 -5.491 8.994 -7.192 10.848
Notes: X,ux Xmin — displacement along x-axis in positive and negative directions (x,,,, — outward, x,,;,, — inward), V,...,

Vmin — displacement along y-axis (y,,,. — forward, y,,;, — backward), d — maximum total displacement.
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The change in the values of total movements (d)
depending on the position of the fixation point
of the hamstring muscle graft on the tibia was fully
correlated with the change in movements in the fron-
tal plane x,,.,, X,.;, (along the x-axis).

Thus, it was established that under the conditions
of displacement of the place of fixation of the graft
from points C to points A (from the periphery
of the tibial plateau to the center), the displacements
increase in all directions, that is, the resistance
of the knee joint to external rotation deteriorates. At
the same time, there is either a gradual increase or
a decrease in values under the conditions of the tran-
sition from point C to point B and then an increase
again due to displacement of the fixation from point B
to point A. However, in all calculated cases, the mag-
nitudes of displacements in the case of graft fixation
at point A were higher than such at point C. The only
exception was the movement of xmin (to the inside,
in the frontal plane) for models of graft fixation at
the 3ABS level. In this case, the xmin movements
at point A turned out to be slightly smaller than at
point C.

The specified increase in displacements in
the event of displacement of the fixation point
of the graft from the outside to the inside is explained
by the increase in the length of the graft in this case
and its state of axial stretching. And according to
the formula for determining the absolute elongation
obtained according to Hooke's law [11]:

Al = NI/ EA 3)

it follows that, all other conditions being equal,
the elongation will be greater in the element whose
length is greater.

The described nature of changes in the movement
of model points indicates that the lower and more
central we fix the graft on the tibia during popliteal

[a]

plastic surgery, the less rotationally stable the knee
joint will be.

Discussion

Among all the calculation schemes, where the
presence of the restored popliteal muscle was mod-
eled, the smallest movements in all directions were
obtained in the case when the graft was fixed at
point 1C — maximally outward and upward, near the
articular surface. And the largest x,,,, and y,,., are ob-
tained in the model with fixation of the graft at the
upper level in the center of the tibia (point 1A). The
maximum movement of x,,, was recorded when the
graft was attached at the lower level from the outside
(point 3C), and y,,;,, was also fixed at the lower level,
but in the center of the tibia (point 3A).

It should be noted that among all calculated values,
as expected, the maximum values of displacements in
the direction of the coordinate axes, as well as the to-
tal displacement, were obtained for the control model,
where the influence of the popliteal tendon was not
taken into account, i. e. it was absent. The considered
values of displacements (X, Xmins Viawr Vinine @) Ob-
tained in the control model exceeded similar values in
the model with minimum displacements by 17, 37, 17,
32, 16%, respectively. At the same time, the largest
movements among the models with the installation
of a popliteal muscle graft exceeded the similar mini-
mum values by 9, 13, 8, 11, 9%. In addition, the dis-
placement values of the platform points of the control
model exceeded the largest similar values obtained in
calculations with the installation of a popliteal muscle
graft by 7, 21, 7, 18, 6%.

The values of x,,;, were smaller than x,,, de-
pending on the point of attachment of the graft by
53-57 %, and y,,;, compared to V.. — by 26-30 %.
The displacements of y,,,, were smaller than x,,, by
15-16 %, but y,,;,, were higher than x,,;, by 33-38 %.
In the model in which the popliteal muscle was ab-

[b] [c]

Fig. 7. Distribution of displacement fields in the calculation models (top view): along the x-axis (a), y-axis (b) and full displacement d (c).
Arrows show the points of origin and directions of the specified maximum displacements
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sent, the difference between the values of these move-
ments was lower and they amounted to 48 % (x,,,, —
xmax)’ 20 % (ymin - ymax), 31% (ymin — xmin), hOWGVCr,
for the ymax pair — xmax the specified difference
remained at the level of 16 %. For all fixation models,
the displacement of the platform points mainly oc-
curred in the outward and forward directions.

Maximum positive and negative displacements
occurred at the points of the platform furthest from
its center (Fig. 7). It was determined that the nature
of the distribution of displacement fields in all models
with a transplant and control was identical. The larg-
est positive displacements in the direction of the x-ax-
is (outward, red arrow) occurred at the front boundary
of the platform, and the largest negative displace-
ments (inward, blue arrow) occurred at the rear
boundary (Fig. 7, a). At the same time, the largest
positive movements in the direction of the y-axis
(forward, red arrow) are recorded on the extreme left
border, and the largest negative (back, blue arrow)
on the right (Fig. 7, b). The maximum total displace-
ments (d) were obtained at the points of the platform,
which are located between the points where the larg-
est displacements x,,,, and y,.. occurred (Fig. 7, c).
The direction of the full displacement d can be deter-
mined by the parallelogram rule, which is used to add
vectors (the direction of the red arrow).

Assessment of the obtained data by the values
of the maximum displacements, as well as the loca-
tion of the points of their occurrence and the direc-
tion of displacements show that the optimal fixation
point of the popliteal muscle graft on the back surface
of the femur is point 1C.

Conclusions

In view of the stability of the lower leg during ro-
tational loading, the most effective is the attachment
of the graft under the conditions of plastic surgery
of the popliteal muscle on the back surface of the ti-
bia as laterally as possible and closer to its articu-
lar surface. This is confirmed by the displacements,
which in this case turned out to be the smallest in all
directions.

The largest displacements in all directions were
obtained in the control model, where the popliteal
tendon was absent.

Under the conditions of displacement of the fixa-
tion point of the popliteal muscle graft on the back
surface of the tibia, displacements increase from
the outside to the inside, indicating a decrease in

the stability of the tibia during external rotation.
Conflict of interest. The authors declare no conflict

of interest.
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