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BIOMECHANICAL FEATURES OF SINGLE-BONE OSTEOSYNTHESIS
OF DIAPHYSEAL FRACTURES IN CHILDREN BY THE TITANIUM ELASTIC NAILS

e-mail: levytsk.a.f@gmail.com

The purpose of the study was to investigate the changes in stress-strain in the forearm bones in diaphyseal fracture of
both bones when fixing a fracture of only one bone with titanium elastic nails compared to normal and to determine the type of
fixation that best provides conditions for optimal fracture consolidation. We used the finite elements method for numerical analysis
of the stress-strain state in the forearm bones. The model was based on tomographic sections of bone. A transverse fracture in the
middle of the diaphysis of the ulna and radius was modeled and variants of the model with osteosynthesis with titanium elastic
fracture nails of either the ulna only or the radial bone were constructed. The developed biomechanical model “Diaphysis of the
forearm bones — metal fixator” demonstrates a moderate increase in internal stress at the fracture site using titanium elastic nails ,
which can help create optimal conditions for reparative osteogenesis; the greatest changes in the stress-strain state in both types of
osteosynthesis in comparison with the norm occurred in the simulation of torsion, especially in the ulna. A significant increase in
the stress-strain state in the fracture area of the ulna with its isolated osteosynthesis can lead to complications in the form of delayed
union or the formation of a nonunion (even a break of the fixator with the wrong selection of its diameter). Thus, in the case of a
fracture of both bones of the forearm, even with a stable fracture of the radial bone, it is not recommended to fix only the ulna. It
is better to fix both bones according to standard methods. In addition, in the case of both forearm bones’ fracturing with a stable
fracture of the ulna, you can limit osteosynthesis of the radial bone only.
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BIOMEXAHIYHI OCOBJIUBOCTI SINGLE-BONE OCTEOCHUHTE3Y JIA®I3APHUX
HEPEJIOMIB KICTOK HEPEAILIIYYA Y AITEA 13 3ACTOCYBAHHAM TUTAHOBHUX
EJIJACTUYHHUX CTPUKHIB

Mertoto po6GoTH Oyiio BHBUCHHS 3MiH HalpyXeHO-Ae(h)OPMOBAHOIO CTaHy B KICTKax IHepeqiuIivyds npH riadizapHoMmy
nepesioMi 000X KiCTOK Ipu Qikcamii nepeaoMy JIHIIe ofHiel KiCTKH 3a JOTOMOT0I0 THTAHOBHX €JIACTHYHUX CTPIKHIB B MOPIBHIHHI
3 HOPMOIO Ta BU3HAYMTH TUI (ikcamii, skuii Halikpaime 3abe3nedye YMOBH ISl ONTHMAIBHOTO 3pOIUEHHS mepenomy. s
YHCENILHOTO aHajli3y HalpyXeHO-1e(opMOBaHOIO CTaHy y KICTKaxX Hepenmutiyys HaMu OyB BHKOPHCTaHHI METOJ CKIHYEHHX
enemMeHTiB. Mozenb OyayBanacs Ha OCHOBI ToMorpadiduHux 3pi3iB KicTKH. Bys0 3M0/1e1p0BaHO MOMIEPEUHUIA [IEPEIOM Y CepeanHi
niadiza TikThOBOI Ta IPOMEHEBOT KiCTOK Ta MOOY10BaHi BapiaHTH MOJIEIi 3 0CTEOCHHTE30M TUTAHOBUMH €JIaCTHYHUMH CTPUIKHIMU
nepesrioMy abo TIIBKH JIKTbOBOT a00 TITBKM MPOMEHEBOI KiCTKH. Po3pobiena GiomexaHiuHa MOIENb «Aiadi3 KiCTOK HepeaIuTiads
— MeTaneBuil QikcaTopy» IEMOHCTPYE MOMipHE 30UIBIICHHS BHYTPIIIHFOTO HANPYKEHHS B MicCIli IEpeioMy TIPH BUKOPHUCTAaHHI
THUTAHOBHUX CJIACTUYHMUX CTPHIKHIB, IO MOXE CIIPUSTH CTBOPCHHIO ONTHMAJIbHHX YMOB MJIS PEHapaTHBHOIO OCTEOreHe3y;
HaWOIIBIII 3MIHH HAIPy>KeHO-e(OpMOBAaHOTO CTaHy IPU 000X BUJAX OCTEOCHHTE3y B IOPIBHSHHI 3 HOPMOIO BiIOyBasIHCs IpH
MOJICJIIOBaHHI KPY4YeHHs, OCOOJIMBO B JIKTHOBIiil KicTI{i. 3HauHe 301IbIICHHS HanpyXeHO-IeopMOBaHOro CTaHy B IiUJISHIN
HepesoMy JIIKTbOBOI KICTKM TIpH i i30JIbOBAHOMY OCTEOCHHTE31 MO)KE NPH3BOJUTH O YCKIAaJHEHb Y BUIVISII CIIOBIIEHEHOTO
3poieHHs abo GopMyBaHHS HECIIPAaBKHBOTO Cyr100y (HaBiTh nepenoMy (dikcaTopa MpH HENpaBUILHOMY Iig00pi Horo aiamerpy).
TakuM 4YMHOM, Y BHIQIKy IepenoMy 000X KiCTOK MepeAruriuds HaBiTh NpPU CTaOlIbHOMY MepeioMi MPOMEHEBOi KiCTKH, He
peKoMeHay€eThes (hikcalis JuIIe JTiKThoBOI KicTKH. Kparne BUKOHaTH ¢ikcamito 000X KICTOK 3a CTAaHZAPTHOIO METOIHMKOI0. A y
BUMAJIKY TepesoMy 000X KiCTOK MepearuTiads 3i cTabiIbHUM IEePEeIOMOM JIIKTEOBOT KICTKH MOYKHAa OOMEXUTHCSI OCTEOCHHTE30M
JIMIIE IPOMEHEBOT KiCTKH.

Koro4oBi ciioBa: 1iTH, mepesoM KiCTOK Nepeiiiyysi, OioMexaHika, OCTEOCHHTE3, HalPyKeHO-1e(OPMOBAHHI CTaH.

Analysis of modern literature sources [11] showed that the problem of osteosynthesis of forearm
bones diaphyseal fractures in children is extremely relevant.

For the surgical treatment of diaphyseal fractures of the forearm bones in children, minimally
invasive intramedullary osteosynthesis using titanium elastic rods (TER), which in our opinion is an
effective method of surgical treatment, has lately become widespread.

When using the classical method of intramedullary osteosynthesis, it is necessary to fix both bones
[4, 11] to prevent secondary displacement of fragments of unfixed bone. However, additional surgery is an
additional soft tissue injury that can cause neuropathy, infectious complications (including osteomyelitis)
and compartment syndrome [3, 9, 13]. The radiation exposure to the patient and staff also increases [12].
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Therefore, there have been many recent publications on intramedullary fixation of only one bone (more
displaced) with a stable fracture without displacement of the second (single-bone fixation) [4, 5, 15].

Given this, we want to dwell on some biomechanical aspects of osteosynthesis.

According to some authors [10, 11], hematoma around the fracture is the main source of the
formation of periosteal callus. Its formation is facilitated by micromovements in the fracture area [11].
Periosteal callus is the main and is formed faster in the presence of periosteum, which in children is thicker
and better vascularized than in adults [11]. The process of bone remodeling after fracture consists of
resorption of the primary callus by osteoclasts and the formation of mature lamellar bone tissue by
osteoblasts [10, 11]. Plate bone trabeculae are located along the lines of mechanical force [10, 11]. This
fact is interesting from the point of view of callus formation biomechanics.

Analysis of the bone beams and plates location indicates that the architectonics of bone tissue
corresponds to the lines of force stress that occurs in the bone under load [8].

In view of this, osteosynthesis should provide [1] preservation of the axis of the affected segment
and elastic deformations in the fracture zone and restoration of bone tension due to elastic deformation of
the fracture site under cyclic loads in the presence of preserved hematoma at the fracture site [10, 11].

In our opinion, flexible metal intramedullary fixators, namely TENs, meet these requirements the
most. In the literature we have studied, there are opposite recommendations for osteosynthesis of
diaphyseal fractures of the forearm bones in children. Mandatory osteosynthesis of both bones is preferred,
but there are a number of articles on the fixation of one bone only without a clear biomechanical
justification for the use of each of these methods of surgical treatment, which became the basis for this
work.

The purpose of the study was to investigate the changes in the stress-strain state in the forearm
bones in diaphyseal fracture of both bones when fixing the fracture of one bone only with titanium elastic
nail in comparison with the norm. Based on the study, determine the type of fixation that provides the best
conditions for optimal fracture fusion.

Materials and methods. For the numerical analysis of the stress-strain state (SSS) in the forearm
bones, we used the finite element method (FEM). To build a calculated biomechanical model based on the
model of the ulna and radial bones, which were developed in the laboratory of biomechanics of the Sytenko
Institute. The model was based on tomographic sections of the bone, which were performed in 0.5-1 cm
for irregular areas (proximal and distal parts) and 1-3 cm for areas with simpler geometry (diaphysis).
Additional geometric dimensions of the forearm bones, which were necessary to build a geometric model
of the forearm in children, were taken from the work [14].

Based on the constructed geometric model, we simulated a fracture in the middle of the diaphysis
of the ulnar and radial bones and variants of the model with osteosynthesis of TENs were built (with
isolated osteosynthesis of fractures of the ulnar or radial bones).

Features of materials.

The studies took into account different types of biological tissues: compact and spongy bone,
cartilage. In this study, the material was considered homogeneous and isotropic. When choosing the
properties of bone structures, we based on the data most common in the literature [6], for fixators the
properties of materials were taken from [7]. The obtained characteristics are summarized in table 1.

Table 1
Mechanical characteristics of materials used
Tissue E (MPa) D
Compact bone 18350 0.3
Spongy bone 330 0.3
Cartilage 10.5 0.49
Callus 50 0.3
Titanium 120000 0.33

The scheme of loading and fastening. The main purpose of the study was to determine the stress-
strain state of the forearm bones in different types of osteosynthesis. To do this, we considered the load on
the bones of the forearm in the area of the radial wrist joint with a force of 10 N in different directions, and
also considered the torsion of 1 Nm. In the area of the elbow joint, the forearm bones are fixed. In fig. 1 on
the example of the model in the norm the direction of loads and fixing the model is shown.

As an assessment of the stress state, von Mises stresses are selected as the most informative type of the
general stress state. The obtained computational model consists of 23,722 three-dimensional tetraidal isoparametric
FEs and has 38,820 nodes. The calculations were performed in the SOLIDWORKS software. Database
management of the study, data processing and tabulation were maintained using Microsoft Excel 2013 software.
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a b c d
Fig.1 The direction of loading and fixing of the model: a) tensile load; b) load in the sagittal plane, directed front to back; c) load
in the frontal plane, directed from outside to inside; d) torsion.

Results of the study and their discussion. Analysis of the results of the SSS study of the forearm
bones in the norm in the simulation of vertical tensile load showed that the level of stress remains low. The
stress in the middle of the diaphysis was 0.16 MPa for the ulna and — 0.05 MPa for the radial bone. Next,
the SSS was calculated for the load located in the sagittal plane and directed from front to back. Analysis
of this study results showed that the stress in the middle of the diaphysis was 1.64 MPa for the radial bone
and 0.58 MPa for the ulna.

Analyzing the changes in SSS in the simulation of the load located in the frontal plane and directed
from the outside to the inside, we can say that the stress in the middle of the diaphysis is 0.77 MPa for the
radial bone, and more stress occurs in the ulna (0.92 MPa, respectively).

In the latter version, 1 Nm of torque applied to the radial wrist joint was used for loading. Analysis
of the results showed that in the middle of the diaphysis the stress was the highest compared to previous
versions and was 2.14 MPa for the radial bone and 2.43 MPa for the ulna. This version of the study was
the most interesting for us, given the significant increase in bone tension.

Graphically, the changes in SSS in the simulation of torsion are presented in fig. 2, where the color
scale from blue to red colors indicate the stresses arising in the bones of the forearm. Blue indicates the
minimum von Mises stress, and red indicates the maximum.
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Fig.2 Von Mises stress in the calculation model is normal in the simulation of torsion: a) front view; b) view from the lateral side;
¢) rear view; d) view from the medial side.
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Analysis of the fourth variant results of the study, which simulated torsion, shows that the most
stressed areas are the proximal areas and the middle of the diaphysis of both forearm bones, and the least

stressed are the distal parts.

Next, a study was performed of the SSS of the forearm bones in the simulation of isolated

osteosynthesis of the ulna or radius fractures using TEN.

We were most interested in changes in the SSS of the forearm bones in the fracture area, which in
our opinion could promote better fusion or, conversely, lead to its slowing down or the formation of a

nonunion.

Graphically, the changes in SSS in the simulation of osteosynthesis using TEN diaphyseal fracture

of the ulna in comparison with the norm are presented in fig. 3.
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Fig.3 Von Mises stress in the calculation model with the synthesis of TEN of the ulna (a-d) and the model in the norm (d-z): a, e)

front view; b, e) lateral view; in, g) rear view; d, h) medial view.

Based on this study, we can draw the following conclusions that in the modeling of osteosynthesis

using TEN diaphyseal fracture of the ulna:

1. In the section of the ulna there is a decrease in stress, which is a consequence of the redistribution
of forces at TEN under load located in the sagittal plane, under load located in the frontal plane and,

especially, during torsion.

2. At the same time, at the point of TEN contact with the bone in the fracture site there is a zone of
significant stress concentration due to the redistribution of load on the fixator, and not on the fracture site.
3. The radial bone is more stressed, especially in the proximal region.
Graphically, the changes in SSS in the modeling of osteosynthesis using TEN of diaphyseal fracture

of the radial bone are presented in fig. 4.
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Fig. 4 Von Mises stress in the radial bone for the computational model with the synthesis of TEN of the radial bone: a, c) section
in the frontal plane; b, d) section in the sagittal plane.

Based on this study, we can draw the following conclusions in the modeling of osteosynthesis using
TEN diaphyseal fracture of the ulna:

1. In the place of contact of TEN with the bone in the fracture area there is a zone of stress
concentration.

2. In the cross section of the radial bone there is a decrease in stress, which is a consequence of the
redistribution of load on TEN .

3. At the same time in the ulna with TEN stress is less than in the radial one in the simulation of
osteosynthesis of the ulna.

The results of SSS changes in the forearm also obtained during the study are summarized in table 2.

Changes in SSS in the fracture area depending on the direction feble2
of the load on the forearm, MPa
Site of study Model of load | Strain | Bending in the sagittal plane Bending in the frontal plane | Torsion
Radial bone Norm 0.05 1.64 0.77 2.14
TEN 0.32 13.28 6.2 46.63
Ulnar bone Norm 0.16 0.58 0.92 2.43
TEN 3.0 33.74 29.35 73.96

Analyzing the data obtained, we can observe that the SSS in the bones of the forearm has changed
compared to normal. When modeling the vertical load (tension) there is a stress in the middle of the shaft
for the ulna — 3.0 MPa (0.16 MPa for the normal model), for radius — 0.32 MPa (0.05 MPa for the normal
model).

Analysis of the results in the simulation of the load located in the sagittal plane and directed
from front to back showed that the stress in the middle of the diaphysis was 13.28 MPa for the radial
bone (1.64 MPa for the normal model) and 33.74 MPa for the ulna (0.58 MPa for the model is normal).
Analysis of the results of the SSS study at a load located in the frontal plane and directed from the
outside to the inside showed that the stress in the middle of the diaphysis is 6.2 MPa for radial bone
(0.77 MPa for normal model) and, again, more intense is the ulna — 29.35 MPa (0.92 MPa for normal
model). When simulating torsion in the radial wrist joint, the analysis of the results showed that in the
middle of the diaphysis the stress was the highest compared to previous versions and was 46.63 MPa
for the radial bone (2.14 MPa for the normal model) and 73.96 MPa for the ulna (2.43 MPa for the
normal model).

Thus, according to new and previously performed [2] studies, we can observe a significant increase
in SSS in the fracture site in the simulation of osteosynthesis of ulnar and radial bones using TEN in bending
in the frontal plane and, especially, in torsion. The largest changes in SSS in both types of osteosynthesis
compared to the norm occurred in the simulation of torsion, especially in the ulna, which in our opinion
may contribute to the creation of optimal conditions for reparative osteogenesis, given that osteosynthesis
by TEN provides [1] preserving the axis of forearm bones, elastic deformations in the fracture zone and
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cyclic loads [10, 11]. At the same time, changes in SSS in both bones of the forearm, especially in the ulna,
were by several tens of times higher than normal stresses.

This, in our opinion, may mean that intramedullary fixation of a fracture of only one bone with
displacement of fragments without displacement of fragments of another one (single-bone fixation) [4, 5,
15] without taking into account biomechanical features of fixation of these fractures, only to reduce
operative time and radiation exposure, can lead to a number of complications, such as delayed union,
nonunion and even a break of the fixator due to excessive cyclic loads on it.

2.

Based on the study, we came to the following conclusion. In our opinion, a significant increase in
SSS in the fracture of the ulna in its isolated osteosynthesis can lead to complications such as delayed union
or a nonunion (even a break of the fixator with the wrong selection of its diameter). Thus, in the case of a
fracture of both bones of the forearm, even with a stable fracture of the radial bone, it is not recommended
to fix only the ulna. It is better to fix both bones according to standard methods. And in the case of a fracture
of both forearm bones with a stable fracture of the ulna, you can limit by the osteosynthesis of only the
radial bone.
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