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Fractures of the distal epimetaphysis of the humerus in children and adolescents are one of the most common
injuries. Currently, there are two most common configurations for fixation of supracondylar fractures in children: a
crossed spokes design and a design using 2 or 3 lateral spokes with their divergence in the coronal plane.

The aim is to compare the level of stresses in a model of the humerus with a supracondylar transverse fracture
with different variants of percutaneous fixation under the influence of different loads.

A basic finite element model of the humerus was developed, based on which a model of a supracondylar trans-
verse fracture was created. Two variants of osteosynthesis were modelled: two spokes placed crosswise and a bundle
of three spokes. The models were subjected to tension, bending and twisting.

Cross fixation with two spokes provides a more even distribution of stresses in the bone elements of the humerus.
Lateral fixation with three spokes minimises the medial epicondyle stress and doubles the lateral epicondyle stress.
This is due to the unilateral passage of the spokes’ bundle. At the same time, the medial epicondyle remains unfixed.
At the same time, a more rigid fixation of the lateral epicondyle causes an increase in the stress level in the lateral
epicondyle.

The study identified the advantages of the cross-fixation method with two spokes over the lateral method with
three spokes for all load variants. The symmetrical arrangement of the spokes during cross fixation of bone frag-
ments allows for an even distribution of the load between the epicondyles. It ensures a relatively low stress value in
them. Unilateral passage of the spokes’ bundle leads to a significant 2-2.5-fold increase in stresses on the epicondyle
through which the fixation elements are passed. On the opposite epicondyle, the stresses, on the contrary, are re-
duced to a minimum, because the bone regenerant is too soft to resist any load, which can cause instability.

Key words: humerus, supracondylar fractures, osteosynthesis.

Connection of the publication with planned
research works.

The work was performed within the research project
«System of rehabilitation treatment of patients with
musculoskeletal system injuries», state registration
number 0119u101066.

Introduction.

Fractures of the distal epimetaphysis of the humerus
in children and adolescents are one of the most common
injuries, accounting for 16 to 50% of bone fractures in
general and 50-80% of all intra-articular injuries of the
upper extremity. Among the injuries of this location,
supracondylar (3-18%) and transcondular (57.5-70%)
fractures predominate, mainly in children aged 6-7 years
(range: one year four months to 12 years four months).
The age at injury has a bimodal characteristic, with the
first peak at about 1 year of age and the second peak at

about 4-5 years of age. With age, the proportion of such
fractures decreases, and the types of fractures change
(1, 2].

Depending on the type of fracture, the modern
tactics of treating supracondylar fractures in paediatric
practice receive sufficient attention, but there are a
number of controversial issues [3, 4].

Among these issues, the configuration of internal
fixation devices deserves special attention, as it has
been debated over the past decades. To date, there
are two most common configurations for fixation of
supracondylar fractures in children and adolescents: a
crossed spoke design and a design using 2 or 3 lateral
spokes with their divergence in the coronal plane [5].

The prerequisite for developing and implementing
lateral fixation of fragments as opposed to the crossed

174

ISSN 2077-4214. Bichuk npo6nem 6ionorii i meguuunn — 2024 — Bun. 2 (173) / Bulletin of problems in biology and medicine — 2024 - Issue 2 (173)



KNIHIYHA TA EKCMEPUMEHTA/IbHA MEAULMHA / CLINICAL AND EXPERIMENTAL MEDICINE

a

b

Figure 1 — Models of the humerus, where: a — basic (normal); b — with a supracondylar transverse fracture.

Figure 2 — Schemes of osteosynthesis, where: a — cross fixation (two spokes); b — lateral fixation (three spokes).

method is to reduce the risk of iatrogenic ulnar nerve
damage during medial spiking or pinning.

Cross fixation provides a stable biomechanical
structure characterised by greater torsional and bending
stiffness compared to lateral fixation, although it
increases the risk of ulnar nerve injury [6].

Therefore, establishing the advantages and
disadvantages of these fixation methods is an urgent
issue of modern orthopaedics in paediatric practice in
supracondylar fractures of the humerus.

The aim of the study.

To compare the level of stresses in a model of
humerus with a transverse supracondylar fracture with
different variants of percutaneous fixation under the
influence of different loads.

Object and research methods.

In the Biomechanics Laboratory of the State
Institution «Sytenko Institute of Spine and Joint
Pathology National Academy of Medical Sciences of
Ukraine», a basic finite element model of the humerus
was developed [7] (fig. 1a), based on which a model of a
supracondylar transverse fracture was created (fig. 1b).

On a model with a supracondylar fracture, two
variants of osteosynthesis were simulated: two spokes
placed crosswise (cross fixation — CF) (fig. 2a) and a bun-
dle of three spokes (lateral fixation — LF) (fig. 2b).

The material was assumed to be homogeneous and
isotropic. A 10-node tetrahedron with quadratic approx-

imation was chosen as a finite element. The mechanical
properties of biological tissues (cortical and cancellous
bone) for mathematical modelling were selected from
the literature [8-11]. Since the interfragment regenerant
acquires strength from 0 to the value of cortical bone
over a long period, the minimum value of the elastic
modulus was chosen, which is achieved at the initial
stage of bone fusion, allows the transfer of loads be-
tween model fragments and does not significantly affect
the stresses in its bone and metal elements. The material
of the metal elements is titanium. The mechanical char-
acteristics of artificial materials were chosen according
to the technical literature [12]. The following character-
istics were used for analysis: E — elastic modulus (Young’s
modulus), v — Poisson’s ratio. Data on the mechanical
characteristics of the materials are given in table 1.

The stress-strain state of the models was studied
under tensile, bending, and twisting loads.

Table 1 — Mechanical characteristics
of the materials used in the modelling

Young’s modulus,

Material MPa Poisson’s ratio
Cortical bone 18350 0,3
Spongy bone 1040 0,3
Interfragment regenerant 1,0 0,45
Surgical steel AISI 316L 200000 0,30
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Figure 3 - Loading diagrams of the model, where: a —tensile; b — bending; ¢ — twisting.

Figure 4 — Control points.

Tension is a load that acts along the longitudinal axis
of the bone. This load can be either compressive or ten-
sile. In this case, the stress values in the model do not
depend on the direction of the applied load (compres-
sion or tension) because the absolute stress values de-

pend only on the magnitude of the applied force. In this
study, a tensile load of 100 N was applied to the distal
end of the humerus (fig. 3a).

Under bending load, a force of 50 N was applied from
front to back and applied to the distal end of the humer-
us (fig. 3b).

During twisting loading, a torque of 2 N/m was ap-
plied to the distal end of the bone (fig. 3c).

The humeral head was rigidly fixed for all types of
loading.

To compare the stress values in models with differ-
ent osteosynthesis schemes and under different loads,
6 control points on the humerus were selected. In ad-
dition, the maximum stress value on the spokes was re-
corded.

The location of the control points is shown in fig. 4.

The maximum stress level in bone elements and
metal structures was recorded. The model was built in
SolidWorks [13]. The stress-strain state of the models
was calculated using ANSYS [14].

Research results and their discussion.

Tensile/compression. The first stage of the study
was to investigate the stress-strain state of the humerus
models under the influence of a longitudinal axial tensile
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Figure 5 — Stress distribution in bone elements of humerus models under tensile load, where: a — normal; b — cross fixation of transverse
fracture with 2 spokes; ¢ — lateral fixation of transverse fracture with 3 spokes.
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Figure 6 — Stress distribution in the spokes of humerus models under tensile load, where: a — cross fixation with 2 spokes; b — lateral
fixation with 3 spokes.

load. The stress distribution in the bone elements of the
models is shown in fig. 5.

The modelling results showed that under a tensile
load in an intact humerus, the maximum stresses of 4.1
MPa occur in the medial epicondyle, and the minimum
stresses of 2.4 MPa occur in the upper third of the di-
aphysis.

In the presence of a transverse fracture of the CF
with two spokes, an increase in the level of stresses in
the medial epicondyle to 5.4 MPa and 6.1 MPa above
and below the fracture line, respectively, is observed. In
addition, a stress increase to 3.3 MPa, compared to the
norm, was detected in the lateral epicondyle below the
fracture line. In control points 1, 2 and 6, on the con-
trary, the stress level decreases, reaching a minimum of
2.2 MPain the upper third of the diaphysis. LF with three
spokes leads to a decrease in the stress level in the medi-
al epicondyle to 0.2 MPa and 0.5 MPa above and below
the fracture line, respectively. At the same time, the
stresses in the lateral epicondyle increase significantly
and are determined at 6.4 MPa above the fracture line
and 8.8 MPa below this line.

The distribution of stresses in the spokes under dif-
ferent fixation options is shown in fig. 6.

In the case of CF of a transverse supracondylar
fracture with two spokes, the maximum stresses in metal
structures occur along the fracture line and reach 247.6
MPa. In the case of three-spoke LF, their stress level does

Table 2 - Stress values at the control points
of the models under tensile load

Control points Stress, MPa
norm 2 spokes 3 spokes
1 2,8 2,6 1,8
2 3,7 3,3 6,4
3 2,7 3,3 8,8
4 3,5 5,4 0,2
5 4,1 6,1 0,5
6 2,4 2,2 2,1
Spokes 247,6 130,6

not exceed 130.6 MPa, which is due to an increase in the
total area of their cross-section compared to two-spoke
osteosynthesis.

Data on the stress values at the control points of the
models are given in table 2.

A visual representation of the ratio of stress values
at the test points of the humerus models with a supra-
condylar transverse fracture under tensile load is shown
in fig. 7.

As shown in the diagrams, in the case of CF of a trans-
verse humeral epicondylar fracture with two spokes, a
more even distribution of stresses in the bone elements
of the humerus is ensured. In the case of three-spoke
LF under tensile load, the stress in the medial epicon-
dyle is reduced to a minimum, and the level in the lateral
epicondyle is doubled. This is due to the unilateral pas-
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Figure 7 — Diagrams of stress values at the control points of models of the humerus with a transverse supracondylar fracture under tensile
load, where: a —in bone elements; b —in spokes.
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Figure 8 — Stress distribution in bone elements of humerus models under bending load, where: a — normal; b — with a transverse fracture
with cross fixation with 2 spokes; ¢ — with a transverse fracture with lateral fixation with 3 spokes.

sage of the spokes’ bundle. At the same time, the medial
epicondyle remains unfixed and, accordingly, the loads
are practically not transferred to it. The bone regenerant
is too soft to prevent the movement of the distal frag-
ment. At the same time, more rigid fixation of the lateral
epicondyle than in the variant with two crossed spokes
causes an increase in the level of stress in the lateral epi-
condyle. The total size of the cross-sectional area of the
spokes’ bundle in the LF provides a twofold lower stress
level in them compared to the CF.

Bending. The next stage of the work was to study the
stress-strain state of the humerus model under the in-
fluence of a bending load. The stress distribution in the
bone elements of the models is shown in fig. 8.

Table 3 — Stress values at the control points
of the humerus models under the influence
of bending load

Control points Stress, MPa
norm 2 spokes 3 spokes
1 4,5 2,9 2,4
2 2,8 3,0 9,0
3 2,0 1,9 10,9
4 2,2 4,5 0,1
5 2,2 3,0 0,3
6 10,8 10,4 9,5
Spokes 244,7 258,8

Under bending loads of an intact humerus, the
stresses reach a maximum value of 10.8 MPa in the
upper third of the diaphysis. In the lower third, the
stresses are determined at 4.5 MPa, and the stresses on
the epicondyles are distributed evenly in the range from
2.0 MPa to 2.8 MPa. In the presence of a supracondy-
lar transverse fracture with two spokes CF, compared to
the normal model, a decrease in the stress level in the
humerus diaphysis to 10.4 MPa in the upper third and
2.9 MPa in the lower third was determined. An increase
in stress level was noted on the epicondyles above and
below the fracture line, which reached a maximum of
4.5 MPa on the medial epicondyle above the fracture
line. LF of three spokes reduces the stress level on the
medial epicondyle to a minimum —to 0.1 MPa and 0.3
MPa above and below the fracture line, respectively. At
the same time, the stresses on the lateral epicondyle in-
crease significantly and reach 9.0 MPa above the frac-
ture line and 10.9 MPa below it, which is associated with
the asymmetric arrangement of the spokes.

The stress distribution in the spokes of the models
under bending load is shown in fig. 9.

Under bending loads, the maximum stress level
in the spokes of 258.8 MPa is determined at the LF of
the supracondylar transverse fracture. In the case of CF
with two spokes, their stress level is lower —244.7 MPa,

b

293,53
100
90
a0
70
60
50
a0
30
20
10
0

Figure 9 — Stress distribution in the spokes of humerus models under bending load, where: a — cross fixation with 2 spokes;
b - lateral fixation with 3 spokes.
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Figure 10 — Diagrams of stress values at the control points of models of the humerus with a supracondylar
transverse fracture under bending load, where: a —in bone elements; b —in spokes.

which indicates favour for the symmetrical fixation of
fragments in counteracting bending load.

Table 3 provides data on the stress values at the con-
trol points of the humerus models under bending loads.

For a visual comparison of the stress level at the con-
trol points of the humerus models with a supracondy-
lar transverse fracture under bending load, the diagram
shown in fig. 10.

This diagram shows that two-spoke CF results in a
more even distribution of stresses between the humeral
epicondyles along the fracture line.

Twisting. At the last stage of the work, the stress-
strain state of the humerus models under twisting load
was investigated. Fig. 11 gives an idea of the stress distri-
bution in the bone elements of the model.

The study of the stress-strain state of the model of an
intact humerus under twisting loading determined that
the minimum stresses of 4.9 MPa occurred in the upper
third of the diaphysis, and the maximum stresses were
8.0 MPa in the upper part of the medial epicondyle and
8.2 MPa in the lower part of the lateral epicondyle. In
the model with a transverse supracondylar fracture with
two-spoke CF, the maximum stress of 10.6 MPa occurs
on the medial epicondyle above and below the fracture
line. In the diaphysis, the stresses decrease to 5.7 MPa
in the lower third and 4.6 MPa in the upper third. With
three-spoke LF, the stress level significantly increases

to 33.3 MPa on the lateral epicondyle, but on the me-
dial epicondyle, the stresses decrease to a minimum of
0.7 MPa above the fracture line and do not exceed 2.4
MPa below it, which is again a consequence of unilateral
placement of fixation elements.

The stress distribution in the spokes under different
variants of osteosynthesis is shown in fig. 12.

Under twisting loads with both fixation options, the
maximum stress values in the spokes are determined at
the fracture line. The values of these stresses are also
affected by the symmetry of the fixation elements. Thus,
the maximum stress level in the spokes with CF does not
exceed 76.5 MPa, which is 2.5 times lower than in the
model with LF.

Table 4 — Stress values at the control points
of the models under twisting load

a b

Control points Stress, MPa
norm 2 spokes 3 spokes
1 6,7 5,7 5,0
2 7,7 8,8 33,2
3 8,2 7,9 33,3
4 8,0 10,6 0,7
5 6,5 10,6 2,4
6 4,9 4,6 3,5
Spokes 76,5 188,8
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Figure 11 — Stress distribution in the bone elements of the humerus models under twisting loading, where: a — normal;
b — with a transverse fracture and cross fixation with 2 cross spokes; ¢ — with a transverse fracture and lateral fixation with 3 spokes.
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Figure 12 — Stress distribution in the spokes of the humerus models under twisting load, where:
a - cross fixation with 2 spokes; b — lateral fixation with 3 spokes.
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Figure 13 — Diagrams of stress values at the control points of models of the humerus with a supracondylar transverse fracture
under twisting load, where: a —in bone elements; b —in spokes.

The data on the stress values at the control points of
the humerus models under the twisting load are given
in table 4.

The diagrams in figure 13 allow for a visual compar-
ison of the stresses in the bone elements and spokes of
the models that occur under twisting loading.

The diagrams show that CF with two crossed spokes
allows for an even distribution of stresses in the bone
tissue. The asymmetrical arrangement of LF with the
bundle of three spokes leads to a significant increase in
the stress level on the medial epicondyle through which
the spokes are passed and to a minimum of stress on the
opposite epicondyle. All of this indicates the advantages
of the symmetrical passage of the spokes through both
condyles when counteracting twisting loads.

Conclusions.

The mathematical modelling of the humerus with a
transverse supracondylar fracture has determined the
advantages of the method of cross-fixation with two

spokes over the lateral method of three spokes under all
load conditions. The symmetrical spokes arrangement
during bone fragments’ cross-fixation allows for an
even distribution of the load between the epicondyles.
It ensures a relatively low-stress value for them. One-
sided passage of the spokes’ bundle leads to a significant
2-2.5-fold increase in stresses on the epicondyle through
which the fixation elements are passed. On the opposite
epicondyle, the stresses, on the contrary, decrease to
a minimum because the bone regenerant is too soft to
resist any load, which can cause instability.

Prospects for further research.

This article is part of an extensive study on
osteosynthesis of supracondylar humerus fractures.
In the future, it is planned to model osteosynthesis for
other types of such fractures.
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AOCNIAMEHHSA HANPYXEHHO-AE®OPMOBAHOIO CTAHY MOAENENA NNEYOBOI
KICTKM NPU HAZIBUPOCTKOBUX NOMEPEYHUX NEPESIOMAX Y AITEVA TA NIANITKIB
MPU PI3HWUX BAPIAHTAX YEPE3LLKIPHOT ®IKCALLi
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Mepenomu ducmasnbHo20 enimemaghizy nae4oeoi Kicmku y dimeli ma nidanimekie € 00HiE 3 HalinowupeHiuwux
mpasm. Ha cbo200HiWHil O0eHb icHytombs 08i HalinowupeHiwi KoHgieypauii uwo0o ¢ikcayii Hadsupocmroaux
nepesnomie y 0imeli: KOHCMPYKYiA 3 nepexpeweHumMu Wnuuamu ma KOHCMPYKYia 3 sukopucmaHHam 2 abo 3
7aMepasnbHUX WNUYb 3 ix dusepaeHyieto y KOPOHAPHIl MaoujuHi.

Mema - nopisHAMU piseHb HanpyxeHob 8 MoOesi 1e4o80i KiICMKuU 3 Ha08UPOCMKOBUM MornepevyHUM rnepesomom
npu pi3HUX 8apiaHMax Yepe3wKipHoi ghikcayii nio enaueom pizHUX HABAHMAM(EHb.

Po3pobneHa 6a308a CKiHYeHO-enemMeHMHa Mooesb r11e4o80i KiCMmKu, Ha OCHO8i AKOoI cmeopunau modesnb
HA0B8UPOCMKOBO20 ronepe4Hoz20 nepenomy. Modenrsanu 0sa eapiaHMu ocmeocuHmesy: 08oma WINUYAMU,
pO3MAWOBAHUMU HABXPECM ma My4KOM 3 mpbox wnuys. Modesni Ha8aHMAXY8aaAU HA PO3MAHEHHS, 32UHAHHSA
ma CKpy4Yy8aHHA.

Mpu nepexpecHili ikcayii dsoma wnuuyamu 3abesneuyyemsca binbw pieHOMIPHUL Po3Modin HanpyieHs 8
KicmKosux eieMeHmax nae4oeoi Kicmku. lpu namepansHili hikcayil mpboma WnUYaMU 3HUHYEMBCA 00 MiHIMyMy
HanpyxeHHA 8 MediasnbHoMy HA08UPOCMKY i 808i4i nidsuuwyemscsa ix piseHb Ha namepasnsHomy. Lle noe’asaHe 3
00HOBIYHUM MPOBEOEHHAM MyYKa wnuyb. pu ybomy mediansHuli HOO8UPOCMOK 30AAUUIAEMbLCA HegiKkcosaHUM. B
moli e yac, binbW HOPCMKA Pikcayia 1amepansHo20 HA0BUPOCMKA BUKAUKAE MNi08UUWEHHSA PiBHA HAMpPYHeHb 8
AamepanbHOMy Ha08UPOCMKY.

lposedeHe OocniOWeHHA BU3HAYUAO repesdau crnocoby nepexpecHoi ikcauii 0soma wnuyamu Hao
71amepanbHUM CcriocoboM 3 mpeoxX WINUYb Mpu 8Cix 8apiaHmMax HasaHmMaxeHHA. Cumempu4yHe pPO3MAWYB8aHHS
wnuyb npu gikcauii ppaemeHmis Kicmxku Hasxpecm 00380/4€ PIBHOMIPHO PO3ModinuUMU HABAHMAMWCEHHSA MiXc
Hadsupocmkamu i 3a6e3neyumu 8i0HOCHO He8esnuUKY 8eaUYUHY HanpyxeHs 8 HUx. OOHObIYHe nposedeHHs My4YyKa
wnuyb npuzeodums 00 3HA4YHO20 8 2-2,5 pasu nidsuWeHHA HaNpPy#eHb HaO HAO0BUPOCMKY Yepe3 AKUl nposedeHi
Gikcyroyi enemeHmu. Ha npomusnexcHoMy HAO08UPOCMKY HAMPYHEHHA HABMAKU 3HUXCYOMbCA 00 MiHIMyMy, momy
wo Kicmkosuli peceHepam 8UABAAEMbLCA 30HAOMO M’AKUM, wob npomudiamu 6y0b-SKOMY HAB8AHMAMEHHIO, U0

MOX3e cmamu npu4yuHoro HecmabinbHocM.

Knrouoesi cnoea: nnevyosa Kicmka, Hadeupocmkoei rnepesiomu, ocmeocuHmes.
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OMOPHO-PYX0BOro anapaty», N2 aeprkaBHOI peecTpaLii
0119u101066.

Bcryn.

Mepenomu guctanbHoro enimetadisy Nae4yoBoi KicT-
KW y Aiteit Ta NigniTkiB € ogHiel0 3 HalnowupeHiwmnx
TpaBm, AKi cknagatoTb Big 16 oo 50% cepen nepenomis
KicTOK B Linomy Ta 50-80% Big, ycix BHYTpiWHbO cyrnobo-
BUX MOLUKOAXKEHb BEPXHbOi KiHUiBKM. Cepepn, NOLUIKO-
O)KeHb OaHOI JIoKai3auii npeBantooTb HAABUPOCTKOBI
(3-18%) Ta uepessupocTKoBi Nnepenomu (57,5-70%) ne-
peBaKHO y AiTei Bikom 6-7 poKiB (Aiana3oH: Big ogHOroO
POKY YOTMPbOX MicALIB A0 12 POKiB YOTMPbLOX MicALIB).
BiK Ha MOMEHT TpaBMM Ma€e BiMoAabHY XapaKTepPUCTU-
KY 3 Nepwmm nikom npmubaunsHo y Bilj 1 poky Ta Apyrum
— npnbaun3Ho vy BiLi 4-5 poKiB. 3 BikOM YacTKa TaKux ne-
pPenomiB 3MeEHLIYETbCA, @ TUMWU NEPENOMIB 3MIHIOTbCA
[1, 2].

CyYacHin TaKTuLi NikyBaHHA HaABMPOCTKOBUX Nepe-
NIOMIB Yy NefiaTPUYHIl NPaKTUL, B 3aN1eXHOCTI Big TNy
nepenomy, NPUAINAETbCA AOCTAaTHA yBara, OA4HaK iCHYE
Linnn pag, GUCKYCiMHUX nuTaHb [3, 4].

Cepep, UMX NUTaHb, 0COBMBY yBary 3ac1yroBye KOH-
dbirypauia posTalyBaHHA BHYTPILIHIX GiKCYOUMX KOH-
CTPYKLiN, AKa € npeameTom AebaTiB NpOTArom OCTaHHixX
[ecatunitb. Ha cborogHilHin aAeHb iCHYIOTb ABi HaMMno-
WwnpeHiwi koHoirypauii woao dikcauii HaABUPOCTKOBUX
nepesiomiB y 4iTei Ta NiaNiTKiB: KOHCTPYKLiA 3 nepexpe-
WEeHMMW WNNLAMM Ta KOHCTPYKLA 3 BUKOPUCTAHHAM 2
abo 3 natepanbHUX WNULb 3 X ANBEPreHLLIE Y KOpOo-
HapHil naowumHi [5].

MepesymoBoto A PO3pPObKM Ta BMPOBAAKEHHA
natepanbHoi ¢ikcauii BignamkiB Ha npoTuBary nepe-
XPECHOMY CNOCOBY € 3MEHLIEHHA PU3NKY ATPOTEHHOrO
NMOLUKOAXKEHHA NIKTbOBOrO HepBa Mig, Yac NpoBefeHHA
mefianbHoi Wwnuui abo windra.

MepexpecHa @ikcauia 3abesneyye cTabinbHy 6io-
MeXaHiYHy KOHCTPYKLLO, ika XapaKTepusyeTbecsa bGinbLu
CYTTEBOHO XOPCTKICTHO HA CKPYy4YyBaHHA Ta 3TMHAHHA NO-
PiBHAHO 3 NaTepasibHO, X04a 36iNbLIYE PU3MK TPaBMY-
BaHHSA NiKTbOBOTO HepBa [6].

Tomy, BCTaHOB/NIEHHA NepeBar Ta HeAOoANIKIB LyUX Cro-
cobiB diKcauji € aKTyanbHMM NUTAHHAM Cy4YacHOi OpTo-
neaii B neaiaTpU4YHIN NpaKTULi NPU HAaABUPOCTKOBUX
nepesiomax nepeaomax nievyoBoi KiCTKu.

MerTa gocnigeHHs.

MopiBHATM piBEeHb HanpyXeHb B MoAeni Nae4yoBoi
KICTKM 3 HAABMPOCTKOBMM MOMNEPEYHMM MEepPesioMOM
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npu pisHUX BapiaHTax YepesLwKipHoi diKcauii nig Bnau-
BOM Pi3HMX HaBaHTaXKEHb.

O6’eKT i meTOAU AOCNiAXKEHHA.

B nabopatopii 6iomexaHikn AY «lHCTUTYT naTonorii
xpebTa Ta cyrnobis im. npod. M.l.CuteHka HAMH Ykpa-
iHM» byna po3pobneHa 6a3oBa CKiHYEHO-e/IeMEHTHA
MmoZenb nae4yoBoi KicTkm [7] (puc. 1a), Ha ocHOBI AKoi
CTBOPUAN MOJAENb HaABUPOCTKOBOrO MOMNEepeyHoro ne-
penomy (puc. 16).

Ha mogeni 3 HagBMPOCTKOBMM MepenoMmom moge-
NOBaNV ABa BapiaHTW OCTEOCMHTE3Y: ABOMA LUNULAMM,
po3TalloBaHMMM HaBxpecT (NnepexpecHa dikcauia — MNd)
(puc. 2a) Ta nyykom 3 TPbOX WNUU (naTepanbHa ¢ikca-
uia — J1d) (puc. 26).

Mpu mopentoBaHHI MaTepian BBaXa/M OAHOPIAHUM
Ta i30TPONHUM. K CKiIHUEHHUI enemeHT obpaHo 10-By3-
NIOBWIA TeTpaeap 3 KBaApPaTUYHOI anpoKkcumalieto. Me-
XaHiYyHi BNACTMBOCTI 6i0NOrYHMX TKAHWUH (KOPTUKaAbHA
Ta rybyacTa KicTKa) 41 MaTeMaTUYHOrO MOAENIOBAHHA
0bpaHo 3a gaHumu nitepatypu [8-11]. Tak sK mixynam-
KOBWI pereHepaT HabyBae miyHocTi Big 0 A0 3HAYEHHA
KOPTMKaNbHOI KiCTKM TpuBanuii nepiog, 6yno obpaHo mi-
HiManbHe 3HAYeHHA MOAYNA NMPYKHOCTI, AKE AOCATAETb-
CA Ha MOYaTKOBOMY eTani 3pOLLEeHHA KiCTKM, [03BOJAE
nepefaBaT HaBaHTAXKeHHA MiX dparmeHTamu mogeni
i HEe MA€E CYTTEBOTO BMJIUBY HA BE/IMYMHM HAMNPYXKeHb B ii
KICTKOBMX | meTaneBux enemeHTax. Matepian enemeHTis
METaNIOKOHCTPYKLiA — TUTaH. MexaHiuyHi XxapakTepuctu-

Tabnuua 1 — MexaHiuHi xapaKTepucTMKu marepia-
NiB, BAKOPUCTaHUX NPU MOAENIOBAHHI

. Moaynb KOHra, KoediuieHT
Matepian " Wina yaccona
KopTunKanbHa KicTKa 18350 0,3
[ybuyacTa KicTKa 1040 0,3
MixynamKosui pereHepat 1,0 0,45
XipypriyHa ctanb AlISI 316L 200000 0,30

KM WITYYHMX MaTepianis obupanu 3a AaHUMMU TEXHIYHOT
nitepatypu [12]. AnAa aHanizy BUKOPWUCTOBYBANAM TaKi
XapaKTePUCTUKKN, K E — moaynb NpysKHOCTI (Mogynb
HOHra), v — KoeoiujieHT MyaccoHa. [aHi Npo mexaHiyHi
XapaKTepPUCTUKM MaTepianis HaBeaeHo B Tabn. 1.

HanpyeHo-gepopmoBaHuin cTaH Mogenen p[o-
CnigyBanu nig BNIMBOM HaBaHTAXKEHHA Ha PO3TATHEH-
HA, 3TMHAHHA Ta CKPy4yBaHHA.

PO3TArHEHHA Lle HaBaHTAXKEHHSA, WO Ai€ B340BX Mo-
3[0B}HbOI OCi KiCTKM. TaKe HaBaHTaXKeHHA MoKe ByTH,
AK CTUCKAOYMM, TaK i po3TAryroumm. B gaHomy Bunaga-
KY BE/MYMHU HanpyXeHb B MOAENi He 3anexatb Bif
HanNPAMKY MPUKNALEHOrO HaBaHTa)KeHHA (CTUCHEHHSN
abo po3TaryBaHHA) Tomy, WO abCONOTHI 3HAYEHHA Ha-
NPYXXeHb 3aneXaTb TiINbKM Bif, BENUYMHWN AiH0YOT CUAN.
B gaHOMy gocniaxeHHi 40 ANCTaNbHOrO KiHUA NAe4oBoi
KICTKM NPUKIA4aNN PO3TAryroYe HAaBaHTAXKEHHA Benyu-
Hoto 100 H (pwmc. 3a).

a

0

PucyHok 1 — Mopgeni nne4yoBoi KicTku, ae: a — 6aszoBa (Hopma); 6 — 3 Ha4BUPOCTKOBMM NONepPevyHUM nepesomom.

PUCYHOK 2 — CxeMu OCTEOCUHTe3Y, Ae: a — nepexpecHa dikcauia (aBoma wnuuamm); 6 — natepanbHa dikcauis (Tpu wnuui).
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a
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PUCYHOK 3 — CxeMU HaBaHTaXXeHHA MOAENi, fie: @ — Ha PO3TATHEHHA; 6 — HA 3TMHAHHA; B — HA CKPYYYBaHHA.

MpW HaBaHTaXeHHi Ha 3rMHaHHA AiA CUAU BeNUYKn-
Hoto 50 H byna cnpamoBaHa cnepefy-Hasag, i npukia-
OeHa A0 ANCTANIbHOTO KiHUA NaeYoBol KicTKK (puc. 36).

Mpw HaBaHTaXKEHHI Ha CKPy4yBaHHA, A0 ANCTA/IbHO-
ro KiHUA KiCTKM NpUKAaZann KpyTHUA MOMEHT BEnYU-
Hoto 2 H/m (pwuc. 38).

[onoBKa N1IeYOBOI KICTKM MpWU BCiX BMAAX HaBaHTa-
YKeHHA b6yNa KOPCTKO 3aKpinaeHa.

[Ons NopiBHAHHA BE/IMYMH HAMPY)KEHb B MOAENAX 3
Pi3HMMM CXEMaMM OCTEOCUHTE3Y | MPW Pi3HUX HaBaHTa-
YKEHHAX 6yN10 06paHO 6 KOHTPOSIbHUX TOYOK Ha NAEYOBil
KicTui. OKpim TOro, peectTpyBanm MakCMmanbHe 3Ha4YeH-
HA Hanpy»KeHb Ha Wwnuuax. Cxema po3TallyBaHHA KOH-
TPOZIbHUX TOYOK HaBeAeHa Ha puc. 4.

PeecTpyBanu makcMmanbHUIA piBEHb HanpyXeHb B
KICTKOBMX enemeHTax Ta Ha MeTaneBUX KOHCTPYKLiAX.
Mobyaosy moaeni 3aincHioBann B nporpami SolidWorks
[13]. Po3paxyHKM Hanpy*KeHo-AedOpPMOBaAHOIO CTaHy
moaenen BUMKOHYBANW 3 BUKOPUCTAHHAM Nporpamu
ANSYS [14].

Pe3ynbTatu gocnigyKeHHA Ta ix 06roBopeHHs.

Po3zmsazHeHHA/cmucKkaHHA. Nepwmm etanom pobo-
TV NPOBOAMN AOCNIAKEHHA HAaNPYXeHHO-aAedbopmoBa-
HOrO CTaHy MoAgenei NAe4voBoi KiCTKKU nig BNaAnBOM no-
[OBXHbOrO OCbOBOrO HaBaHTAXEHHA Ha PO3TATHEHHSA.

PucyHOK 4 — KOHTPONIbHi TOUKM.
Po3nogin HanpyeHb B KiCTKOBUX efleMeHTax Moaenen
HaBeAeHO Ha puc. 5.
Pe3ynbTaTn moaentoBaHHA MOKasanu, WO nif BNAu-
BOM pPO3TAMYHOYOr0 HABAHTAXKEHHA B HEYLKOAXKEHIN
NJEY0BIM KICTLI MaKCMMabHi 32 BEIMYMHOIO HaMNPYKeH-

a 0

B

PUCYHOK 5 — Po3nogin HanpyKeHb B KiCTKOBUX eIeMeHTax moAenei NNe4oBoi KiCTKU Nia BNIMBOM PO3TATYIOYOro HaBaHTaXKeHHA, Ae:a — B
HOpMi; 6 — nepexpecHa ¢iKcauisa nonepeyHoro nepesomy 2 WNUUAMK; B — NaTepasbHa ¢ikcauia nonepeyHoro nepenomy 3 WNUUAMM.

ISSN 2077-4214. Bichuk npo6nem 6ionorii i meguuunn — 2024 — Bun. 2 (173)/ Bulletin of problems in biology and medicine — 2024 - Issue 2 (173)

183



KNIHIYHA TA EKCMEPUMEHTAIbHA MEOULMHA / CLINICAL AND EXPERIMENTAL MEDICINE

293,53
100

PUCYHOK 6 — Po3nogin Hanpy»eHb B WNULAX Moge el NAe4oBoi KiCTKU NiJ BNIMBOM PO3TArylo4Oro HaBaHTaXKeHHs, ge:
a — nepexpecHa dikcauia 2 wnuuamu; 6 — natepanbHa dikcayia 3 wnuuamu.

Tabnuusa 2 — BeNMUNHU Hanpy»KeHb B KOHTPOJIbHUX
TOUYKax mogeneii Nia BNAMBOM HaBaHTAXKEHHA Ha

PO3TArHEHHA
KOHTpONbHI Hanpy»eHHa, MMa
TOYKM HOpMa 2 cnuui 3 cnuui
1 2,8 2,6 1,8
2 3,7 3,3 6,4
3 2,7 3,3 8,8
4 3,5 5,4 0,2
5 4,1 6,1 0,5
6 2,4 2,2 2,1
Wnuu; 247,6 130,6

HA 4,1 Mla BMHWKaOTb B MeAia/ilbHOMY HagBUPOCTKY,
MiHiManbHi 2,4 MIMa — B BepxHilt TpeTuHi giadisy.

Mpn HaABHOCTI HaABMPOCTKOBOrO NOMNEPEYHOro ne-
penomy MN® gBoma WNMUAMM CNOCTEpPiraeTbca nigBu-
LWEeHHA PiBHA HAMNpPY)KeHb B MeAialbHOMY HaZlBUPOCTKY
[0 no3Ha4vyoK 5,4 MMMa i 6,1 Mla BuLLe Ta HUKYE NiHiT
nepenomy, BiAnoBigHO. TakoX, NiABULLEHHA BEINUYNHMN
HanpyxeHb 8o 3,3 MIla, B NOPiBHAHHI 3 HOPMOIO, BU-
3HAYeHO B SlaTePaSIbHOMY HaABUPOCTKY HUXKYE NiHii ne-
penomy. B KOHTPONbHMX TOYKax 1,2 i 6, HABNAKK, piBEHb
Hanpy»KeHb 3HMXKYETbCA HabyBatoum miHimymy 2,2 MMa
Yy BEPXHiN TpeTuHi giadizy. /1P 3 Tpboma WNUUAMK, NPU-
3BOANUTb [10 3HUMKEHHA PIBHA HAMPY)KeHb B MeZia/ibHO-
MY HagBMPOCTKY A0 no3Ha4vok 0,2 MMa i 0,5 MlMa suwe
i HMXKYe niHil nepenomy, BignosigHo. B ToM e Yac Ha-

NPY»eHHA B JlaTepaibHOMYy Ha[BMPOCTKY 3HAYHO 3po-
CTaloTb | BU3HAYaOTbCA Ha BigMiTKax 6,4 MIa BuLue niHii
nepenomy i 8,8 MlMa HMKYe L€l NiHii.

Po3nogin HanpyeHb B WNWULAX NPU Pi3HMX BapiaH-
Tax ¢ikcauii HaBeaeHo Ha puc. 6.

Mpn M® nonepeyHoro HaABMPOCTKOBOIO Nepesomy
ABOMA WNULAMW, MAaKCUMAJIbHI HAaMpPY>KeHHA B MeTane-
BMX KOHCTPYKLiAX BUHUKAIOTb MO NiHii nepenomy i cAra-
I0Tb NO3Ha4kM 247,6 MMa. Mpwn /IO Tpboma WwWnuuamm —
piBEHb HAaNPY>eHb B HMUX He NepeBuLLye no3Ha4ku 130,6
MTMa, Wwo 3ymoBAeHO NigBULLEHHAM CYMapHOH MOLL iX
nepeTuHy B NOPiBHAHHI 3 OCTEOCMHTE30M ABOMA CNULA-
MU,

[aHi npo BeIMYNHM HANPYXKEeHb B KOHTPOJIbHWUX TOY-
Kax moenei HaBeaeHi B Tabn. 2.

HaouHe yABneHHA Npo CMiBBIAHOWEHHA BEJNYUH
Hanpy»eHb B KOHTPOJIbHUX TOYKAx Mogaenei nievyosoi
KICTKM 3 Ha4BMPOCTKOBMM MOMEepPeyHUM Nepenomom nig,
BM/IMBOM PO3TATYIOYOro HaBaHTaXEHHA NpeACTaBAeHO
Ha puc. 7.

AK npeacTaBneHo Ha giarpamax, npu MO nonepeu-
HOrO HaABWPOCTKOBOrO MepesioMy Mae4yoBOi KiCTKM
OBOMaA WNMuAMK 3abe3nedyeTbea 6inbw PiBHOMIPHWUIM
pPO3NOoAin Hanpy»KeHb B KICTKOBMX eNemeHTax nieyoBoi
KicTKK. Mpu /1O TpbOMa WNMUAMM Mif BNAMBOM PO3-
TATYIOYOrO HABAHTAXKEHHA 3HWMXKYETbCA A0 MiHIMymy
HanpyXXeHHA B MegiaibHOMY HaABUPOCTKY i BABIYI Nig-
BULLYETHCA iX piBEHb Ha faTepanbHOMy. Lle nos’A3aHe 3

1

Hanpysxenns, MI1a

0
8
6
4
i ML
0 i [ ]
1 2 3 4 5 6

KoHTpOIBHI TOUKH
EHopMa M2 cnumi B3 cnumi

a

@
=
=
=
=
=
jo¥]
&
2
o
E
<
s

CITHII
KoHTpO/IBHI TOUKH
B CrMIi

0

B 3 crmmi

PUCYHOK 7 — [liarpamu Be/IMYUH HANPYKeHb B KOHTPOIbHUX TOUYKAX MOAE/EeN NIeHOBOI KiCTKU 3 MOnNepeyHnm HaZBUPOCTKOBUM NepesioMom
nig BNJIMBOM PO3TAryIOHOro HaBAaHTA)KEHHSA, fie: @ — B KICTKOBMX enemeHTax; 6 — B wunuusax.
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PUCYHOK 8 — PO3noAin HanpysKeHb B KiCTKOBUX e/leMeHTax mogeneii NAeYyoBoi KiCTKM Nig BNAMBOM 3rMHAOYOro HaBaHTaXKeHHs, Ae:
a — B HOpPMI; 6 — 3 nonepeYHUM NepesnomMoMm 3 nepexpecHoto dikcauielo 2 WNUUAMK; B — 3 NONEPEYHUM NepesoMmom
3 NaTepanbHoO diKcauieto 3 wnuuamm.

04HOBIYHMM MpoBEAEHHAM MyyKa wWnuub. MNpu ubomy
MeZjiaNbHUI HaZLBUPOCTOK 3a1MNLIAETLCA HEediKCOBaHMUM
i, BIANOBIAHO, HAaBaHTAXXEHHA HAa HbOTO MPAKTUYHO He
nepepatotbea. KicTkoBuiA pereHepat Ans LLbOro BUABAA-
€TbCA 3aHAATO M'AKUM, LWO6 3anobiraTv nepemileHHo
anctanbHoro ¢parmeHTy. B Tol e yac, binblu }KopCcTKa
diKcalia naTepanbHOro HaABUMPOCTKA, HiXK Yy BapiaHTi 3
ABOMa CMULAMM HABXPECT, BUKIMKAE NiABULLEHHA PiBHA
Hanpy)KeHb B naTepasbHOMy HaaBMpOCTKy. CymapHa
BE/IMYMHA NJIOLLI NepeTMHY NyykKa wnuub npu /1P 3abes-
nevye BABIYI HUXKYIN piBEHb HAMpPYXKEHb B HUX, B NOPIiB-
HAHHI 3 MO,

32uHaHHA. HacTynHUM eTanom poboTu 6y0 BUBYEH-
HA Hanpy*eHHO-AedOPMOBAHOIO CTaHy MoAesi naeyo-
BOi KiCTKM Nig, BNAMBOM HABaHTAXEHHA HA 3rMHaHHA.
Po3nopgin HanpyeHb B KiICTKOBUX e/1eMeHTax Moaenax
HaBegeHOo Ha puc. 8.

MpX HaBaHTaXXeHHAX Ha 3rMHAHHA HeyLKOAMeHOol
NJeY0BOI KiCTKM HanpyeHHA HabyBaloTb MaKCUMMasb-
Horo 3Ha4yeHHs 10,8 MMMa y BepxHii TpeTuHi giadisa. B
HWKHIN TPETUHI Hanpy»KeHHA BM3HAYaloTbCA Ha MO3Ha-
yui 4,5 MlMa, Hanpy»eHHA Ha HAABMPOCTKAX po3noaina-
I0TbCA PiIBHOMIPHO B Mexax Big, 2,0 MIMa go 2,8 MMa.
Mpw HaABHOCTI HAZLBUPOCTKOBOTO NOMNEPEYHOro nepeno-
My npu M gBOMa WNULAMM, B NOPIBHAHHI 3 MOLEN/IO B
HOPMI, BU3HAUYaIM 3HUMKEHHA PiBHA Hanpy*KeHb B Aiadisi

naevyoBoi KicTkn ao 10,4 MlMa y BepxHilt TpeTuHi i go 2,9
Mla — B HUXKHi. Ha HaaBMpPOCTKAxX BULE | HUXKYE NiHii
nepenomy BigmiYann NiABULLEHHA PIiBHA HaMpy»KeHb,
AKMIM HabyBaB makcumymy 4,5 MMa Ha mepgianbHomy
HaABUPOCTKY BULE ANiHil nepenomy. JI® i3 Tpbox WNULb
[03BOMIAE 3HU3UTM 40 MIHIMYMYy piBEHb HanpyXeHb Ha
megianbHOMy Hagsupoctky — go 0,1 MMa i 0,3 Mla
BULLE i HMXKYe NiHii nepenomy, BignosigHo. MNMpu ubomy
Ha NaTepasibHOMYy HaZABMPOCTKY HamnpyXeHHA 3Ha4yHOo
3pocCTatoTh i cAratoTb No3Ha4vyok 9,0 MIa suwe niHii ne-
penomy i 10,9 Mla HUKYe Hel, Lo NoB’A3aHe 3 Hecume-
TPUYHMM PO3TALLYBAHHAM WNULb.

Tabnuusa 3 — BeAMUnHU Hanpy>KeHb B KOHTPONAbHUX

TOUYKax mogenei NaeyYoBoi KiCTKK nig Bnausom
HaBaHTaXeHHA Ha 3rMHaHHA

KoHTponbHi Hanpy»eHHsa, MMa

TOYKU HOpMa 2 cnuui 3 cnuui

1 4,5 2,9 2,4

2 2,8 3,0 9,0
3 2,0 1,9 10,9
4 2,2 4,5 0,1
5 2,2 3,0 0,3
6 10,8

10,4 9,5
244,7 258,8

b

293,53
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PucyHoK 9 — Po3nogin Hanpy»eHb B WUNULAX MOAeNel NAe4oBOl KiCTKU NiJ BNIMBOM 3rMHAlOYOro HaBaHTaXKeHHs, fie: a — NnepexpecHa
dikcauia 2 wnuuamu; 6 — natepanbHa ¢ikcayisa 3 wnuuamm.

ISSN 2077-4214. Bichuk npo6nem 6ionorii i meguuunn — 2024 — Bun. 2 (173)/ Bulletin of problems in biology and medicine — 2024 - Issue 2 (173)

185



KNIHIYHA TA EKCMEPUMEHTAIbHA MEOULMHA / CLINICAL AND EXPERIMENTAL MEDICINE

2o
L=l (N ]

Harnpysenns, MIIa
o M B Oy

III II| ||| || il ||I
1 2 3 4 5 6

KoHTpONbHI TOUKK
HHopma M 2cnuui M3 cnuui

a

260
E
S 255
o 250
=
5 245
2,
2 240
5
= 235 ‘
CIIHIT
Kontponsni Touku
M2 crmmi M3 cnmi

0

PucyHok 10 — [liarpamu BEIMYUH HaMPYKeHb B KOHTPO/IbHUX TOYKAX MOAeNe Nae4oBoi KiCTKM 3 HAABUPOCTKOBUM MONepeyHUm nepeno-
MOM Mig, BNIMBOM 3rMHalOYOro HaBaHTaXKeHHS, Ae: a — B KiCTKOBUX enemeHTax; 6 — B wunuusx.

Po3nogin HanpyXeHb B WNUUAX MoZenein npu Ha-
BaHTa)KEeHHI Ha 3rMHaHHA HaBeAeHO Ha puc. 9.

Mpn HaBaHTaXKEHHAX Ha 3rMHAHHA MaKCMMaabHUM
piBeHb Hanpy»eHb B wnuuax 258,8 Mlla BM3HAYaETb-
cA npu J1® HaABMPOCTKOBOrO MOMEPEYHOro Nepesiomy.
Mpun N® gsoma cNULAMM piBEHDb iX HAaMPYXKEHb € HUX-
ymum — 244,7 MMMa, Wo CBiAYMTb HAa KOPUCTb CUMETPUY-
HOI dikcaLii dparmeHTiB B NpoTUAIT 3rMHAOYOMY HaBaH-
Ta*KEHH!O.

[JaHi Nnpo BENIMYNHM HANpPYXKeHb B KOHTPOJIbHWUX TOY-
Kax Moaeniei nievoBoi KiCTKM MPU HaBaHTAXKEHHAX Ha
3rMH HaBeaeHi B Taba. 3.

[Ona Hao4yHOro NOPIBHAHHA pPIBHA HaMpyXeHb B
KOHTPOJIbHMX TOYKax mogenel naeyoBoi KiCTKM 3 Haf-
BMPOCTKOBMM MOMEpPeYHUM nepesioMom nig, BNIVBOM
3rMHAYOro HaBaHTaXKeHHA NobyaoBaHa Aiarpama, AKka
HaBeAeHa Ha pwuc. 10.

Tabnuusa 4 — BenMunHuU Hanpy»KeHb B KOHTPOJIbHUX

TOUYKax mogenei Nia BNANBOM HaBaHTaXKeHHA

Ha CKpy4yBaHHA

KOHTpOAbHi Hanpy»eHHa, MIMa
TOYKK HOpMa 2 cnuui 3 cnuui
1 6,7 5,7 5,0
7,7 8,8 33,2
3 8,2 7,9 33,3
4 8,0 10,6 0,7
5 6,5 10,6 2,4
6 4,9 4,6 3,5
Wnuui 76,5 188,8

HasepgeHa giarpama nokasye, wo Md agoma wnuus-
MW 3yMOBHOE BiNlblLL PIBHOMIPHWUIA PO3N0OAiIN HAaNpPyXKeHb
MiXX HagBMPOCTKAMM NAEYOBOI KiCTKM B340BXK AiHii ne-
penomy.

CKpy4yyeaHHA. Ha ocTaHHbOMy eTani pobotn fo-
CNiAXKyBaNWM HanpyeHHo-4edOpPMOBAHUIN CTaH Moae-
Nen NNeyoBoi KiCTKM Nig BMAMBOM HaBaHTAXKEHHS Ha
CKpy4yBaHHA. OTpMMATU YABNAEHHA MPO PO3NOAIN Ha-
NPYy»eHb B KiCTKOBMX €/1eMEHTAX MOAE/i MOXHa 3a [0-
nomoroto puc. 11.

JocnifrKeHHA Hanpy»KeHHO-AedOopMOBaHOro CTaHy
MOAENi HeyLKOAXEHOI NJe4YoBOi KiCTKM nig BNAMBOM
HAaBaHTAXEHHA Ha CKPYy4YyBaHHA BW3HAYWMIO, LLO MiHi-
ManbHi 33 BEIMUYMHOIO Hanpy»KeHHA 4,9 MI1a BUHMKaOTb
y BEpXHilt TpeTuHi giadisa, a makcumanbHi — 8,0 MMa y
BEPXHil YacTMHI MmeaiaNbHOro HaaBMpPOCTKa Ta 8,2 Mla
B HWMXKHIM YacTMHI natepanbHoro. B moaeni 3 nonepey-
HUM HaZBUMPOCTKOBUM nepenomom npu MNd asoma cnu-
LAMM MaKCUMym HanpyeHb 10,6 MIa BUHUKAE Ha me-
AiaNbHOMY HAZBMPOCTKY, BULLE | HUXKYE NiHii nepenomy.
Mpu ubomy B Aiadisi HanpyKeHHA 3HUXKYTbCA A0 5,7
MMa B HUXHIM TpeTuHi Ta go 4,6 Mla B BepxHii. Mpu
J1® TpboMa WNULAMM 3HAYHO MiLBULLYETLCA PiBEHb Ha-
npyxeHb 8o 33,3 Mla Ha naTepasbHOMY HagBUPOCTKY,
ane Ha MegiaibHOMY HaNPY»KeHHA 3HUKYITbCA 4,0 MiHi-
mymy 0,7 MIMa BuLe NiHii nepenomy i He NnepeBuLLYOTb
2,4 MIa HUKYe Hei, Lo 3HOBY K € HacNiAKom oaHO6Iu-
HOro BCTAHOB/IEHHA QiKCYHOUYMX E/IEMEHTIB.

Po3nogin HanpyXeHb B WNULAX NPU Pi3HUX BapiaH-
Tax OCTEOCUHTe3y NpeAcTaB/eHo Ha puc. 12.

a 0

14,527
10

W

— 2 L3 faoun oy -] D

=

PucyHoK 11 — Po3nogin Hanpy»eHb B KICTKOBMX eNeMeHTax MoAenei Nae4oBoi KiCTKU Nig BNIMBOM HaBaHTaXeHHA Ha CKpyYyBaHHS, ae:
a —B HOpMi; 6 —3 Nnonepe4yHMM NepenomMoM Ta NepexpecHoto Gikcali€lo 2 WNULAMMU HaBXPeCT;
B — 3 Nonepe4yHUM nepesioMoM Ta iaTepanbHolo ¢ikcauieto 3 3 wnuuamm.
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293,53
100

a0
40
30
20
10
0

PucyHoK 12 — Po3nogin Hanpy}eHb B LWINULAX MOAENel NNeYoBOi KiCTKU NiA BNIMBOM HaBaHTAXKEHHA HA CKPYYyBaHHA, Ae: a — nepexpecHa
dikcauia 2 wnuuyamu; 6 — natepanbHa ¢ikcauis 3 cnuuamu.

Hanpysxenns, MIIa

I I|| ||| Il
1 2 3 4 5 6

KonTpomsHi TOUKH

Mpopma M2 cnmmi B3 crmami

a

200,0
150,0
100,0

50,0

HanpyeHHa, Ma

0,0

crmi

KOHTPOMbHI TOUKM
H2cnuyi M3 cnuuyi

0

PucyHoK 13 — [liarpamu BenuuMH Hanpy»KeHb B KOHTPOMIbHMX TOUKAX MoAesell N1e40BOi KiCTKU 3 HaABUPOCTKOBMM MOMEPEeYHUM nepeno-
MOM nNiA, BIJIMBOM HaBaHTa)KEHHA Ha CKPYYYBaHHsA, fie: @ — B KICTKOBUX e/leMeHTax; 6 — B wnuuysax.

Mpy HaBaHTAXKEHHAX Ha CKPy4yBaHHA Npu 060X Ba-
piaHTax ¢ikcauii MakCMMabHi 3HAYEHHA HaAMpPy*KeHb B
LWINMLAX BU3HAYaK0TbCA Ha NiHii nepenomy. Ha BeanymHm
LMX HaMNpYy)KeHb TaKOX BM/IMBAE CUMETPUYHICTb pO3Ta-
WyBaHHA QiKcylouMx enemeHTiB. Tak MaKCMManbHU
piBeHb HanpyXeHb B wWnuuax npu MN® He nepesulLLye
no3HaykKn 76,5 Mra, wo B 2,5 pasun HMKYe HiXK B moaeni
3/10.

[aHi npo BEIMYNHM HANpPYKEHb B KOHTPOJIbHUX TOY-
Kax mopenen nnevyoBoi KiCTKM nif BNJIMBOM HaBaHTa-
YKEHHSA Ha CKpy4yBaHHA HaBeAgeHi B Tabn. 4.

[Liarpamu, AKki HaBeAeHO Ha PUCYHKY 13 f03BONAIOTH
HAOYHO MOPIBHATN BEIMYMHM HAMPYXKEHb B KICTKOBUX
efleMeHTax i Wnuuax moaenemn, ki BAHUKalTb Nig BNauv-
BOM HaBaHTaXeHHA Ha CKPY4YyBaHHA.

Ak NoKasaHo Ha giarpamax, NP gsoma WnMuAMM Has-
XPecT [03BONAAE PIBHOMIPHO PO3MNOAINATU HANpPyXeHHA
B KICTKOBIl TKaHMHI. ACMMeTpUYHe po3TallyBaHHA NyyKa
3 Tpbox cnuup /1O Beae A0 3HAYHOrO NiABULLEHHA PIiBHA
Hanpy»KeHb Ha MefiaNbHOMY HafBMPOCTKY, Yepes AKUI
NPOBeAEHI WNKULi, Ta 40 3HMKEHHA 40 MiHIMYMY Hanpy-
YKEHb Ha NPOTU/IEXXHOMY HaABMPOCTKY. Bce Le cBigunTb
npo nepesBarn CMMeTPUYHOTO NPOBEAEHHA CNULb Yepes
obuaBa BMPOCTKA MNpW MNPOTUAIT HaBaHTAXKEHHAM Ha
CKpYYyBaHHSA.

BucHoBKM.

MaTtemaTnyHe moAeNtoBaHHA NAEYOBOI KiCTKM 3 HaA-
BUPOCTKOBMM MOMNepeyHm nepesoMmom BU3HAUYM/IO ne-
peBaru cnocoby nepexpecHoi ¢ikcalii ABoMa LWNUUAMMN
HaZ fnatepasbHMM CNocobom 3 TPbOX LWMMLb NPU BCiX
BapiaHTax HaBaHTaXKeHHA. CMMeTpuYHe po3TallyBaHHA
wnuub npu dikcauii pparmeHTiB KiCTKM HaBXpecT [03-
BOJIAE PIBHOMIPHO PO3MOA4INNTU HAaBAHTAXKEHHA MiXK Ha-
ABMpPOCTKaMM i 3a6e3neynTn BigHOCHO HEBENIMKY BENU-
YMHY Hanpy»KeHb B HUX. OfHOBIYHE NpoBeAeHHA MyyKa
WNMub NPM3BOANTb A0 3HAYHOro B 2-2,5 pa3u nigsu-
LLEHHA HanpyeHb Ha HaABUPOCTKY Yepes AKNIA npose-
AeHi dikcytoui enemeHTH. Ha npotunexxHomy HagBUpoO-
CTKY HaMpY)KeHHA HaBMaKWM 3HUXKYKTbCA A0 MiHIMyMmYy,
TOMY WO KiCTKOBUI pereHepaT BUABMAETbCA 3aHAATO
M’'SKUM, Wo6 NpoTUAIATU OyAb-IKOMY HaBaHTAXKEHHIO,
LLLO MOKe CTaTW NPUUYNHOK HecTabinbHOCTI.

MepcnekTMBKM NOAANBLUNX AOCNIAMKEHD.

[aHa cTaTTA € YaCTUHOK BE/IMKOTO AOCANIAMKEHHA,
NPUCBAYEHOTO OCTEOCUHTE3Y HAZBUPOCTKOBUX Nepeno-
MiB NJ1€4YO0BOI KiCTKM. B moganblioMy naaHyeTbca moae-
JII0OBAHHA OCTEOCUHTE3Y NPU iHLIMX TUNAX TaKMX Nepeno-
MmiB.
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DOCNIAXEHHA HAMPYXEHHO-AE®OPMOBAHOIO CTAHY MOZENEN NNEYOBOI KICTKU NPU HALBUPOCT-
KOBUX NOMEPEYHUX NEPENOMAX Y AITEA TA NIANITKIB NPU PI3HUX BAPIAHTAX YEPE3LLUKIPHOT DIKCALLIT

byp’aHos O. A., Keawa B. M., HaymeHKo B. O., KapniHcbKkuii M. 0., fipecbko O. B.

Pestome. Bcmyn. Mepenomu amctanbHoro enimetadisy naevyoBoi KiCTKKM y AiTel Ta NianiTKiB € OAHIE 3 Halno-
LWMpPEeHiWKnX TpaBMm, AKi CKNagatoTb Big 16 1o 50% cepen nepenomis KicTOK B LLiiloMy. Ha CbOrogHilHIN AeHb iCHYOTb
ABi HalinowwupeHilwi KoHirypau,ii woao ¢ikcaujii HagABMPOCTKOBUX MEPEIOMIB y AiTel Ta NigNiTKiB: KOHCTPYKLiA 3
nepexpeLeHmMM LWNULAMMN Ta KOHCTPYKLiA 3 BUKOPUCTAHHAM 2 abo 3 naTepanbHUX WKL 3 X AUBEPTEHL i€ Y KO-
POHApPHIl NAoWMHI. BcTaHOBNEHHS nNepeBar Ta HeAoiKiB LMX cnocobiB ¢ikcalii € akTyasibHUM NUTAHHAM Cy4acHOi
opToneaii B neAjiaTpuyHiii NpakTuL.

Mema. MNopiBHATU piBEHb HanNpyXeHb B MOAE/ N1eY0BOI KiCTKM 3 Ha4BMPOCTKOBMM NONEPEYHMM NEPENOMOM
npu pisHKUX BapiaHTax YepesLwKipHoT ¢ikcaLii nig BNAMBOM Pi3HUX HaBaHTaXKeHb.

06’ekm i memodu 0ocnidxeHHA. Po3pobieHa 6a3oBa CKiHYEHO-eleMEHTHA MOAE/b NIEYOBOI KiCTKKU, Ha OCHO-
Bi AKOi CTBOPUAN MOAENb HAABMPOCTKOBOIO MonepeyHoro nepenomy. Moaentosann Aga BapiaHTU OCTEOCUHTE3y:
ABOMaA LNULUAMM, PO3TALLIOBAHMMM HABXPECT Ta MYYKOM 3 TPbOX LNULb. HanpyxeHo-a4epopmoBaHuii CTaH mozae-
nen oocnifxKyBanu nif BNAMBOM HAaBaHTAXKEHHA HA PO3TATHEHHSA, 3TMHAHHA Ta CKPYYYyBaHHA.

Pe3ynbmamu 0ocnidxeHHs ma ix 062080peHHA. Pe3ynbTaTv MoAeNtoBaHHA NoKasa/u, Lo nig BNAMBOM po3Ta-
rylo4Oro HaBaHTaXeHHSA i nepexpecHoi dikcalii ABOMA WNULAMM CNOCTEPIraeTbCA NiABULLEHHA PIBHA HaNpPyXeHb
B MegiaZibHOMY HaABMPOCTKY 40 No3Ha4vyoK 5,4 MMMa i 6,1 MIa BuLLe Ta HUXKYe NiHii nepenomy, BignosigHo. flate-
panbHa dikcauia 3 TpboMa WNULAMU, NPU3BOLAUTL A0 3HUKEHHA PIBHA HanpyKeHb B Mefia/lbHOMYy HaABUPOCTKY
40 no3Hayok 0,2 MMa i 0,5 MMa BuLe i HUXKYe NiHIT nepenomy. B TOM e Yac Hanpy»KeHHA B n1aTepaNbHOMY HaZBK-
POCTKY 3HAYHO 3POCTalOTh | BU3HAYAOTLCA Ha BiAMiTKax 6,4 MMa Buwe niHii nepenomy i 8,8 MIMa HUxKYe i€l NiHii.
Mpun HaBaHTaXKEHHAX HA 3TMHAHHA | NepXpPecHii ikcau,ii Biamivaam nigBuLLEHHs piBHA Hanpy»KeHb, Ao 4,5 MMa Ha
MeZianlbHOMY HaZBUPOCTKY BULLe NiHiT nepenomy. JlaTepanbHa ¢iKkcaLis i3 TPbOX WNULb A03BONSAE 3HU3UTU PiBEHD
Hanpy»XeHb Ha medianbHOMy HagBupocTky Ao 0,1 MMa i 0,3 MIla suLLe i HUXKYe AiHii nepenomy. Mpun Lbomy Ha na-
TepanbHOMY HAABMPOCTKY HAMPY*KEHHA 3pOoCTatoTb 40 No3HavoK 9,0 MMMa suwwe niHii nepenomy i 10,9 Mlla HMKYe
Heil. JocnigKeHHA mogeni nig BNAMBOM HaBaHTAXEHHA Ha CKPY4YyBaHHA BM3HAUYMUIO, LLO NPU NepexpecHin dikcauii
ABOMa CMULAMU MaKCMMyM Hanpy»eHb 10,6 MlNa BUHUKAE HA MeaiaNbHOMY HaABUPOCTKY. Mpu naTepanvHin Pik-
cauii TpbOMa WNULAMM 3HAYHO NiABULLYETHCA PiBEHb HaNpyeHb A0 33,3 MIMa Ha naTepanbHOMY HAZABUPOCTKY, ane
Ha MeZiia/IbHOMY HaMpPY>KeHHA 3HUXKYITbCA A0 MiHimymy 0,7 MMMa.

BucHoseku. MpoBeaeHe A0CAiAKEHHA BU3HAUYMN0 Nepesary cnocoby nepexpecHoi gpikcaLii gBoma Wnmuamm Hag,
fnatepasbHMM cnocobom 3 TPbOX LIMMLb NPWU BCiX BapiaHTax HaBaHTaXKeHHA. CUMeTpUYHe Po3TallyBaHHA WNULb
npu dikcauii pparmeHTiB KiCTKM HaBXPeCT A03BOJIAE PIBHOMIPHO PO3MOAINNTA HAaBAHTAXKEHHA MiXK HaABUPOCTKaMMU
i 3a6e3neynTH BigHOCHO HEBENIMKY BEIMUYMHY HaNpyKeHb B HUX. OgHOBIYHE NpoBeAEeHHS MyYKa WNULb NPU3BOAUTD
00 3Ha4YHOoro B 2-2,5 pasu NigBULLEHHS HAMNpPyXeHb Ha HAaABUPOCTKY Yepes AKUN nNpoBeaeHi GiKcyodi eneMeHTu.
Ha npotunexXHoMy HaABUPOCTKY HAMNPYXKEHHA HaBMaKM 3HMKYIOTLCA A0 MiHIMYMy, TOMY LLLO KiCTKOBUI pereHepat
BUABNAETLCA 3aHAATO M’ AKMM, LWOO NPOTUAIATU BYAb-AKOMY HAaBAaHTAYKEHHIO, O MOKEe CTaTU NPUYMHOID HeCTabinb-
HOCTI.

Knro4oBi cnosa: nneyoBa KicTKa, HaABUPOCTKOBI NepesloMn, OCTEOCUHTES
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STUDY OF THE STRESS-DEFORMATION STATE OF MODELS OF THE HUMERUS IN CASE OF SUPRACONDYLAR
TRANSVERSE FRACTURES IN CHILDREN AND ADOLESCENTS WITH DIFFERENT OPTIONS OF PERCUTANEOUS
FIXATION

Buryanov O. A., Kvasha V. P., Naumenko V. O., Karpinsky M. Yu., Yaresko O. V.

Abstract. Introduction. Fractures of the distal epimetaphysis of the humerus in children and adolescents are one
of the most common injuries, accounting for 16 to 50% of all bone fractures. To date, there are two most common
configurations for fixation of supracondylar fractures in children and adolescents: a design with crossed spokes
and a design using 2 or 3 lateral spokes with their divergence in the coronal plane. Establishing the advantages and
disadvantages of these methods of fixation is an urgent issue of modern orthopedics in pediatric practice.

Aim. To compare the stress level in the model of the humerus with a supracondylar transverse fracture with
different options of percutaneous fixation under the influence of different loads.

Object and research methods. A basic finite-element model of the humerus was developed, on the basis of which
a model of a supracondylar transverse fracture was created. Two variants of osteosynthesis were modeled: with two
spokes arranged crosswise and a bundle of three spokes. The stress-strain state of the models was studied under the
influence of tensile, bending and twisting loads.

Research results and their discussion. The simulation results showed that under the influence of tensile load
and cross-fixation with two spokes, there is an increase in the stress level in the medial epicondylum to 5.4 MPa
and 6.1 MPa above and below the fracture line, respectively. Lateral fixation with three spokes leads to a decrease
in the stress level in the medial epicondyle to 0.2 MPa and 0.5 MPa above and below the fracture line. At the same
time, the stresses in the lateral epicondyle increase significantly and are determined at 6.4 MPa above the fracture
line and 8.8 MPa below this line. During bending and cross-fixation loads, an increase in the stress level was noted,
up to 4.5 MPa on the medial epicondylum above the fracture line. Lateral fixation of three points allows to reduce
the stress level on the medial epicondylum to 0.1 MPa and 0.3 MPa above and below the fracture line. At the same
time, on the lateral epicondyle, stresses increase to 9.0 MPa above the fracture line and 10.9 MPa below it. The
study of the model under the influence of torsional load determined that during cross-fixation with two needles, the
maximum stress of 10.6 MPa occurs on the medial condyle. With lateral fixation with three spokes, the level of stress
significantly increases to 33.3 MPa on the lateral epicondylum, but on the medial stress decreases to a minimum of
0.7 MPa.

Conclusions. The conducted study determined the advantages of the method of cross fixation with two spokes
over the lateral method with three spokes in all load variants. Symmetrical arrangement of spokes when fixing bone
fragments crosswise allows to evenly distribute the load between the epicondyles and ensure a relatively small
amount of stress in them. One-sided conduction of a bundle of spokes leads to a significant 2-2.5 times increase in
stress on the condyle through which the fixing elements are passed. On the opposite condyle, stresses are reduced
to a minimum, because the bone regenerate is too soft to resist any load, which can cause instability.

Key words: humerus, supracondylar fractures, osteosynthesis
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