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One of the most common complications of long-term talocrural
joint (TCJ) injury is the development of chronic instability. Among
the risk factors for its occurrence - congenital or acquired short-
ening (hypoplasia) of the lateral malleolus of varying degrees.
Objective. Determine the effect of lateral malleolus hypoplasia
on the distribution of stresses in the bone and ligament elements
of the foot. Methods. Mathematical modeling of the distal end of the
lower extremity was performed. There are two variants of the posi-
tion of the heel bone — varus and valgus with an angle of devia-
tion from the vertical axis in both cases 15°. A vertical distributed
load of 700 N was applied to the tibial plateau. On the supporting
surface of the feet model's were rigidly fixed. Measurements of me-
chanical stresses were performed at control points. According to
the criteria for estimating the stress-strain relations (SSR), the Mis-
es stress was used. Results. It was determined that lateral malleolus
hypoplasia increases the values of stresses on the lateral side of the
distal tibial bone from 6.3 MPa to 6.4 MPa, from the medial —
on the heel bone from 5.8 MPa to 6.0 MPa, talus from 2.1 MPa
to 2.3 MPa. SSR on TCJ are also varies. In the case of a neutral
position of the heel bone, lateral malleolus hypoplasia causes a de-
crease in the values of the ligaments on the lateral side of the TCJ,
which can be explained by their elongation and, consequently, the
projection increase in length In the case of varus or valgus position
of the heel bone under conditions of lateral ankle hypoplasia, it was
found that the varus position of the heel bone overstrains the liga-
ments on the lateral side, valgus - from the medial. Conclusions.
Decreased stress in the ligaments of the TCJ in cases of valgus or
varus position of the heel bone is one of the factors reducing the
Sfunctional stability of the joint and may be the cause of its chronic
instability. Key words. Injury of the talocrural joint joint, ligaments,
instability, finite element method, lateral malleolus hypoplasia,
stress-strain condition.

OOHUM (3 Hacmux YCKIAOHEHb NIKYSAHHSI MPAeM HAON SMKOE0-
eominkosozo cyenoba (HI'C) y eiooanenomy nepiodi € poszeune-
HHA 11020 XpoHiyHoi nHecmabinvnocmi. Ceped YUHHUKIE pusuKy ii
BUHUKHEHHA — YPOoOdCceHe abo Habyme YKOPOUeHHs (2inoniasis)
aamepanvHoi Kicmouku piznoco cmynems. Mema. Busnauumu
8NIUG 2INONA3TT TAMEPATbHOL KICMOYKU HA PO3NOOIT HANPYICEHD
y KicmKosux i 36 13k06ux enemenmax cmonu. Memoou. Ilposedene
MamemamuyHe MOOeIEAHHS OUCATLHORO KIHYS HUNCHBOL KIHYI6-
Ku. Biomeoperno 0sa sapianmu nonojceHHs n’samKogoi Kicmku —
8apycHe ma 8anb2YCHE 3 KYMOM 8IOXUTICHHS 810 6ePMUKATLHOL OCI
6 0box eunadkax 15°. Bepmukanbhe po3nooiiene Ha8aHmaiceH-
na eeauuunoro 700 H npukiadanu 0o niamo 6e1uKo2oMiIKoGoi
kicmku. Ilo onopHiti nogepxui cmonu mMooeni Manu Hopcmxe 3a-
KpinaenHs. 3amipu eenuuun MexaHiunux Hanpysicelsb npoeoouiu
6 KOHMPOLLHUX MOYKAX. 3a Kpumepii oyinKku Hanpyosiceno-0eqghop-
mosarnozo cmany (H/[C) suxopucmarno nanpyswcenns 3a Mizecom.
Pesynomamu. Buznaueno, wo 3a cinonna3zii iamepansHoi Kicmou-
KU 30116UYI0MbCA BeIUNUHU HANPYHCEHb 13 1AMEPATbHO20 OOKY
Ha nionaon ssmkosiu kicmyi 6io 6,3 MIla 0o 6,4 MIla, i3 mediann-
H020 — Ha n’amxoeill 6io 5,8 MIla oo 6,0 MIla, naon’smkosgii 6i0
2,1 Mlla oo 2,3 Mlla. Taxooic sminroemocs HIC' y 36’3xax HI'C.
V eunaoky ueiimpanvro2o nonodxcenHs n’ssmkoeoi Kicmku 2ino-
NnaAa3is 1amepanbHoi KiCmoYKu CAPUYUHIOE 3HUICCHHS 6EeUYUH
Hanpyacens y 36’3kax iz ramepaiviozo ooxy HI'C, wo moocna
NOACHUMU IXHIM NOOOBICEHHAM Md, GIONOBIOHO, NPOEKYIUHUM
30inbWenHAM 008dCUHU. Y 6UNAOKY 8aPYCHO20 ADO 8ANbLEYCHO20
NONONHCEHHS NAMKOBOI KICIKU 3a YMOG 2iNONaa3ii 1amepanvHoi
KICMOUKU BUABNIEHO, WO 3ad 8APYCHO20 NONONMCEHHA NAMKOBOT
KICMKU NEPEHANDYHCYIOMbCA 36 A3KU 3 1AMepanbHo20 OOKY, 8alb-
2ycHoeo — i3 medianvrozo. Bucnosxu. 3menwennsa eenuyun Ha-
npyoscens y 36 a3kax HI'C y eunaodkax 6anveycnoeo abo 6apycHozo
NONOJNCEHHS. N'AMKOBOI KICMKU € OOHUM 13 YUHHUKI@ 3HUIICEHHS
¢yHukyionanvHoi cmitikocmi cyenoba ma mosice Oymu npuULUHOIO
PO36UMKY 11020 XPOHIUHOI HecmabinbHocmi. Knouosi crosa.
Viukooowcenns naon’sasmroeo-eominkosozo cyenoba, 36’s3Kku, He-
cmabinbHicmb, Memoo CKIHYeHHUX eJleMenmie, 2INonaasis iame-
PANBHOT KICIMOUKU, HANPYHCEHO-0eOPMOSAHUL CINAH.
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Introduction

Injuries of the talocrural joint (TCJ) occupy
one of the first places in the structure of injuries
of the lower extremities and account for 10 to 20 %
of all injuries of the musculoskeletal system, and in-
juries of the TCJ ligaments occur in 35-50 % of such
cases [1, 2]. One of the frequent complications in
the treatment of such TCJ lesions in the long term
is the development of its chronic instability (CI).
The clinical picture of TCJ CI is quite characteris-
tic and consists of excessive mobility (hypermobility)
of the foot, the presence of symptoms of a «drawer»,
episodes of pain and edema and, as a consequence,
the development of early degenerative changes in
TCJ [3, 4]. The many factors influencing the develop-
ment of TCJ CI include congenital or acquired shor-
tening (hypoplasia) of the lateral bone of varying se-
verity, which can lead to these changes [5].

The aim of the study: To determine the effect of la-
teral bone hypoplasia on the distribution of stresses in
the bone and ligament elements of the foot.

Material and methods

In the laboratory of biomechanics of the State In-
stitution «Professor M. 1. Sytenko Institute of Abnor-
malities of the Spine and Joints of the National Aca-
demy of Medical Sciences of Ukraine» we performed
mathematical modeling to determine the effect of la-
teral bone hypoplasia on the stress-strain state (SSS)
of the foot elements.

To solve this problem, a mathematical finite ele-
ment model (MFEM) of the distal end of the lower
extremity with additions was previously deve-
loped [6, 7], which contained the bone elements
of the foot and leg (Fig. 1).

MFEM contained the main connections between
the TCJ and the posterior area of the foot: lig. cal-

caneofibulare (calcaneofibular), lig. talofibulare an-
terius (anterior talofibular), lig. talofibulare posterius
(posterior talofibular), lig. tibiofibulare anterius (an-
terior tibiofibular), lig. tibiofibulare posterius (poste-
rior tibiofibular), membrana (interosseous membrane),
lig. tibiocalcaneo medial (medial tibiocalcaneal),
lig. tibiotalar anterius (anterior tibiotalar), lig. tibiota-
lar posterius (posterior tibiotalar), aponeurosis plan-
taris (plantar aponeurosis).

The position of the lateral bone was chosen when
its apex is located at the level of the medial bone (nor-
mally 1-1.5 cm below the level). Since the ligaments
work only in tension, two variants of the heel bone
position were simulated during the study: varus and
valgus. The angle of deviation from the initial posi-
tion of the heel bone in both cases was 15° (Fig. 2).

The material was considered homogeneous and
isotropic. A 10-node tetrahedron with a quadra-
tic approximation was chosen as the finite element.
The mechanical properties of biological tissues were
taken from those in the literature [8, 9]. The following
characteristics were used for the analysis: modulus
of elasticity (E, Young’s modulus), Poisson’s ratio (v)
(Table 1).

The models were tested under the influence
of a vertical distributed load of 700 N, which cor-
responds to the average weight of an adult [10].

Table 1
Mechanical characteristics of materials
used in the modeling process

Material Young’s modulus (E), MPa |  Poisson’s ratio, v
Cortical bone 18350 0.29
Spongy bone 330 0.30
Cartilaginous tissue 10.5 0.49
Ligaments 110 000 0.20

[a] [b] [c]

[d] [e]

Fig. 1. MFEM of the right tibia and foot in lateral bone hypoplasia: general view (a), front (b), in the sagittal plane (c), back (d),

bottom (e)
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The load was applied to the plateau of the tibia.
The models were rigidly fixed on the supporting sur-
face of the feet. The scheme of loading of models is
given in fig. 3, a.

To compare the changes in the SSS models, control
points were selected at which measurements of me-
chanical stresses were performed (Table 2). The lay-
out of the control points is shown in Fig. 3, b, c.

The calculation of SSS of the models was per-
formed using the finite element method. Mises stress
was used as a criterion for estimating the stress state
of the models [8].

The simulation was performed using the Solid-
Works computer-aided design system. Calculations
of SSS of the models were performed using the Cos-
mosM software package [11].

Results and discussion

In the first stage of our study, we evaluated
the stress-strain state of the tibia model with lateral
bone hypoplasia under single-support standing condi-
tions and during the normal position of the heel bone.

[a] [b] [c]

The picture of stress distribution in the bone elements
of the model is shown in Fig. 4.

Under conditions of hypoplasia of the lateral bone
during single-support standing and in normal posi-
tion of the heel bone there are maximum stresses in
the bone elements: on the lateral side the most intense
was the subtalar bone (6.4 MPa) compared to the heel
bone (2.6 MPa). On the medial side, on the other hand,
the heel bone was tighter (6.0 MPa versus 2.3 MPa in
the subtalar area). The maximum stress was deter-
mined on the support surfaces of the heel and sub-
talar bones — 37.4 MPa and 21.0 MPa, respectively.

The SSS relationship between the model and the
foot with lateral bone hypoplasia under normal heel
bone position is shown in Fig. 5.

The maximum tension in the ligaments was re-
corded on the lateral side, namely, lig. talofibulare

Table 2
MFEM control points of the right tibia and foot

Fig. 2. Models of abnormal setting of the foot: varus (a) and
valgus (b) position of the heel bone, angle 15°; calcaneotibial
angle (c)

Side Control point Anatomic structure
1 lig. calcaneofibulare
2 lig. talofibulare anterius
3 lig. talofibulare posterius
g 4 lig. tibiofibulare anterius
3 5 lig. tibiofibulare posterius
6 membrana (MemOpaHa)
13 heel bone
14 subtalar bone
7 lig. tibiocalcaneo medial
8 lig. tibiotalar anterius
9 lig. tibiotalar posterius
E 10 aponeurosis plantaris
§ 15 heel bone
16 subtalar bone
11 heel bone
12 subtalar bone

Fig. 3. Schemes: a) load
MFEM of the right tibia
and foot; b, c) location
of control points on it
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[a] [b]

[c] [d]

D: l'inonnasis natepanbHa

Type: Equivalent (von-Mises) Stress
Unit MPo

Time: 1

05.09.2021 23:36

210,02 Max
10

,1228e-0 Min

[ R A - ===

Fig. 4. Picture of stress distribution in the bone elements of the tibia and foot model with lateral bone hypoplasia in the normal
position of the heel bone: front (a), back (b), medial (c), lateral (d) sides

D: I'inonnasis narepaiabHa

Type: Equivalent (von-Mises) Stress
Unit MPo

Time: 1

Mists) Sress

D: I'inonna3sis natepanbna

Type: Equivalent (von-Mises) Stress
Unit MPo
Time: 1
fl'.:.mmx

[d]

Fig. 5. Picture of the distribution of stresses in the relationship of the tibia and foot model in hypoplasia of the lateral
bone in the normal position of the heel bone: SSS on the subtalar bone — top (a) and bottom (b); on the heel bone — top

(c) and bottom (d)

posterius and lig. talofibulare anterius, where they
became 4.4 MPa and 2.6 MPa, respectively. The in-
termediate value of 3.4 MPa was defined in lig. cal-
caneofibulare. In other lateral ligaments, the stresses
did not exceed 0.5 MPa.

On the medial side, the tension in the ligaments
was slightly lower. The most intense were /ig. tibiota-
lar anterius and lig. tibiotalar posterius — 3.5 MPa

and 3.3 MPa. In lig.tibiocalcaneo medial the maxi-
mum stress was 2.7 MPa, and aponeurosis plantaris
was almost not stressed — 0.2 MPa.

The second stage of the study assessed the stress-
strain state of the tibia and foot model with lateral
bone hypoplasia under the varus position of the heel
bone. The picture of stress distribution in the bone
elements of the model is given in Fig. 6.
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Type: Equivalent (von-Mises) Stress
Unit MPo

Time: 1

05.09.2021 23:36

210,02 Max
10

=1

,1228e-9 Min

P o R T R = SR =1

[a] [b] [c] [d]

Fig. 6. Picture of stress distribution in the bone elements of the tibia and foot model with lateral bone hypoplasia in varus position
of the heel bone: front (a), back (b), medial (c) and lateral (d) sides

D: linonuiasis natepaibHa

Type: Equivalent (von-Mises) Stress
Unit MPo

Time: 1
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Fig. 7. Picture of stress distribution in the relationship of the tibia and foot model in lateral bone hypoplasia in varus position
of the heel bone. SSS on the subtalar bone — top (a), bottom (b); on the heel bone — top (c) and bottom (d)

The support of the foot in the varus position 74.0 MPa and 108.0 MPa on the heel and subtalar
of the heel bone led to a significant redistribution bones, respectively.
of stresses on the bone elements of the model, namely The distribution of stresses in the ligaments
their growth from the medial side of the heel bone to  of the tibia and foot in the case of lateral bone hypo-
13.8 MPa, subtalar — up to 13.3 MPa. On the lateral plasia at the varus position of the heel bone is shown
side, stresses increased slightly in the heel bone — in Fig. 7.
4.6 MPa, but they decreased in the heel bone — The varus position of the heel bone under the foot
1.8 MPa. On the supporting surface of both bones, rests has led to an increase in the tension in the liga-
an increase in stress values was found, which reached ments located on the lateral side. The maximum



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2021. Ne 4

[a] [b]

[c]

D: I'inonnasis narepanabHa

Type: Equivalent (von-Mises) Stress
Unit MPo

Time: 1

05.09.2021 23:36

210,02 Max
10

=}

[=") % QL R S Y. SR

,1228e-9 Min

[d]

Fig. 8. Picture of stress distribution in the bony elements of the tibia and foot model in hypoplasia of the lateral bone in valgus
position of the heel bone: front (a), back (b), medial (c) and lateral (d) sides

Type: Equivalent (von-Mises) Stress
Unit MPo

Type: Equivalent (von-Mises) Stress
Unit MPo
Time: 1

23,636 Max.

[c]

[d]

Fig. 9. Picture of the distribution of stresses in the ligaments of the tibia and foot in hypoplasia of the lateral bone in valgus position
of the heel bone: on the subtalar bone — top (a) and bottom (b); on the heel bone — top (c) and bottom (d)

stress values (7.6 MPa) were defined in lig. calcane-
ofibulare. The exception was lig. talofibulare pos-
terius and lig. talofibulare anterius, where stresses
decreased to 2.1 MPa and 1.2 MPa, respectively.
On the medial side the tension in the /ig. tibiota-
lar anterius and lig. tibiotalar posterius increased
to 3.8 MPa and 4.2 MPa, respectively. Also, an
increase in the amount of stress to 0.5 MPa was

found in aponeurosis plantaris, and in lig. tibio-
calcaneo medial — a decrease of up to 1.0 MPa
compared to the support at the normal position
of the heel bone.

The last stage of the study assessed the distribu-
tion of stresses in the bone elements of the tibia and
foot model in lateral bone hypoplasia under the val-
gus position of the heel bone (Fig. 8).
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Table 3
Stress values at control points of models in lateral bone hypoplasia depending
on the position of the heel bone
Side Control point Anatomic structure Stress, MPa
Norm Hypoplasia
norm varus valgus
1 lig. calcaneofibulare 8.4 34 7.6 0.2
2 lig. talofibulare anterius 2.6 2.6 1.2 1.5
3 lig.talofibulare posterius 8.2 4.4 2.1 33
g 4 lig.tibiofibulare anterius 0.6 0.5 3.0 0.5
‘3 5 lig.tibiofibulare posterius 1.2 1.0 2.3 0.4
6 membrana 0.2 0.2 1.4 0.3
15 heel bone 2.6 2.6 4.6 9.8
14 subtalar bone 6.3 6.4 1.8 10.1
7 lig.tibiocalcaneo medial 3.2 2.7 1.0 9.7
8 lig.tibiotalar anterius 34 3.5 3.8 14.3
g 9 lig.tibiotalar posterius 4.6 3.3 4.2 8.8
§ 10 aponeurosis plantaris 0.,2 0.2 0.5 1.8
15 heel bone 5.8 6.0 13.8 3.0
16 subtalar bone 2.1 2,3 13.3 2.5
Supp 11 heel bone 37.4 37.4 74.0 50.0
ort surface |y, subtalar bone 20.2 21.0 108.0 69.1
8 24
7 === [ig. calcaneofibulare ;3
6 === [ig. talofibulare anterius 18 == lig. calcaneofibulare
. . == lig. talofibulare anterius
w=lie lig. talofibulare posterius 16
5 == lig. talofibulare posterius
53 4 lig. tibiofibulare anterius ﬂ‘f 14 lig. tibiofibulare anterius
= =@ [ig. tibiofibulare posterius = 12 == lig. tibiofibulare posterius
% 3 el membrana % 10 == membrana
E o . = 8 =+ [ig. tibiocalcaneo medial
n 2 === [ig. tibiocalcaneo medial n o .
6 =e= lig. tibiotalar anterius
1 =@ [ig. tibiotalar anterius 4 o == lig tibiotalar posterius
=@ [ig. tibiotalar posterius 2 e e osis plantaris
01234567891011 1213 14 15  —t=aponeurosis plantaris 0012345678910111213 14 15
Heel bone angle, degree Heel bone angle, degree

Fig. 10. Graph of the dependence of stress magnitude in
the ligaments of the model in lateral bone hypoplasia depending
on the magnitude of the angle of the varus position of the heel bone

The valgus position of the heel bone in the case
of foot support in lateral bone hypoplasia led
to a significant increase in stresses on the late-
ral side of the subtalar bone — 10.1 MPa. On
the lateral side of the heel bone stresses were de-
termined at the level of 9.8 MPa. On the medial
side, the stresses in the heel and subtalar bones
were recorded at 3.0 MPa and 2.5 MPa, respec-
tively. On the supporting surface of the heel bone,
the stress values were 50.0 MPa, on the subtalar
bone — 69.1 MPa.

Fig. 11. Graph of the dependence of stress magnitude in
the relationship of the model in lateral bone hypoplasia on
the value of the angle of the valgus position of the heel bone

The distribution of stresses in the ligaments
of the tibia and foot in lateral bone hypoplasia un-
der the valgus position of the heel bone is shown
in Fig. 9.

In loading the limb in the valgus position
of the heel bone, the tensest ligaments were on
the medial side: lig. tibiotalar posterius — 14.3 MPa,
lig. tibiocalcaneo medial — 9.7 MPa, lig. tibiotalar
anterius — 8.8 MPa. On the lateral side, lower liga-
ment stresses were recorded. The maximum value
of stresses was defined in /ig. posterior talofibular —
3.3 MPa.
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Fig. 12. Diagram of stress values in the heel and subtalar bones
in the model in lateral bone hypoplasia depending on the position
of the heel bone

Indicators of the magnitude of stresses in the cont-
rol points of the models in lateral bone hypoplasia,
depending on the options for the position of the heel
bone are given in Table 3. As we can see, hypoplasia
of the lateral bone in the normal position of the heel
bone compared to the model of the normal structure
of the foot has led to a decrease in SSS in the ten-
sest ligaments on the lateral side: lig. calcaneofibu-
lare and lig. talofibulare posterius — 3.4 MPa and
4.4 MPa, respectively. A slight increase was found in
lig.tibiotalar anterius — from 3.4 MPa to 3.5 MPa.

Figure 10 shows the dependence of the magni-
tude of the stresses in the ligaments of the model in
lateral bone hypoplasia depending on the magnitude
of the angle of the varus position of the heel bone.

Figure 11 shows the dependence of SSS in the liga-
ments of the model in lateral bone hypoplasia on
the value of the angle of the valgus position of the heel
bone.

Figure 12 shows a diagram that allows a more de-
tailed comparison of the values of stresses in the heel
and subtalar bones of models in the case of lateral
bone hypoplasia, depending on the options for the po-
sition of the heel bone.

In the bony elements of the TCJ model, hypoplasia
of the lateral bone resulted in changes in the magnitude
of lateral stresses on the subtalar bones from 6.3 MPa to
6.4 MPa, medial — on both bones: heel — from 5.8 MPa
to 6.0 MPa, subtalar — from 2.1 MPa to 2.3 MPa.

Conclusions

The study showed that lateral bone hypoplasia leads
to changes in SSS in both the bone elements of the TCJ
and its ligaments. In particular, in the case of the neu-
tral position of the heel bone, the values of stresses
in the ligaments on the lateral side of the TCJ are re-
duced, which can be explained by their relative elonga-

tion and, accordingly, the projection increase in their
length. In varus or valgus position of the heel bone
in lateral bone hypoplasia, the models showed a very
predictable result: in varus position of the heel bone,
the ligaments on the lateral side were overstrained, in
valgus — on the medial side.

Decreased stress in the ligaments of the TCJ in val-
gus or varus position of the heel bone is one of the fac-
tors reducing the functional stability of this joint and

can lead to the development of its chronic instability.
Conflict of interest. The authors declare no conflict of
interest.
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