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Biomechanical Analysis of the System
“External Fixation Device - Bone» Behavior at the Stages
of Tibial Diaphyseal Fracture Healing

Lazarev 1.A."™3, Radomskyi O.A.%, Ryzbkov B.S.%, Schultheiss U.," Dendorfer S.," Skyban M.V.!

Summary. The use of external fixation devices for the treatment of diaphyseal
[fractures of the tibia bas become the standard. However, most external fixation
device (EFD) modifications bave insufficient stiffness. Therefore, there is a need to
develop an EFD design that could provide early limb loading with an optimal range of
interfragmentary motion. A related challenge lies in determining the strength of bone
regeneration during fracture bealing, which cannot be objectively assessed in a clinical
setting. However, these values can be calculated using the Finite Element Method (FEM).
Objective. The objective of our work was to study the biomechanical bebavior of the
proposed «External Fixation Device — Tibia» system at the stages of bone regeneration
under the condition of its loading by body weight using the FEM. Material and Methods.
A computer simulation was carried out, at the initial stage of which a semi-full-scale
prototype of the «External Fixation Device — Tibia» bone fragments fixation system was
developed. Based on it, the next step was to create solid 3D models of the tibia and the
EFD using the SolidWorks software package (Dassault, France). The EFD design used
in the work consisted of 4 semi-rings (160 mm), 9 connecting beams (150 mm), two
through pins (5 mm), 2 spongiosis screws (5 mm), 2 cortical screws (5 mm), and 6
clamps. All the components of the EFD were made of AISI320 stainless steel. Results and
Discussion. Simulation computer modeling of the fixation capabilities of the proposed
EFD showed that its stiffness is sufficient to provide a controlled load on the damaged
limb within 20-24% of body weight from the first days of formation of granulation
cartilage regenerate. It should be noted that the supporting function of the fibula is
restored within 5-6 weeks after its fusion and is approximately 17-30% of the body
weight. Therefore, in general, a controlled load on the limb can reach 50% of the body
weight after 6 weeks of treatment. Subsequently, when mature bone tissue is formed
around the fracture (most often within 8-17 weeks), the load on the limb can reach
130% of the body weight, which ensures the patient’s movement without additional
support. Conclusions. The performed computer simulation modeling makes it possible
to determine the bebavior of the biomechanical environment of the proposed «External
Fixation Device — Bone» system and allows to establish the amouth of limb loading in
the process of developing a scientifically based rebabilitation program to create optimal
conditions for fracture bealing. The proposed design of the EFD can be used for the final
treatment of diaphyseal fractures of the tibia and provides for the possibility of early
loading on the «External Fixation Device — Bone» system.

Keywords: tibial diaphyseal fracture; external fixation device; finite element
method; limb loading.

Introduction

The wuse of external fixation devices (EFDs)
for the treatment of open diaphyseal fractures of
the tibia has become the standard, since it enables
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extrafocal fixation of the fracture, is characterized
by low tissue injury and comparative ease of use,
and allows controlling the process of osteogenesis,
implementing corrective, stabilizing, and dynamizing
transformations of the fixation system during
treatment. As a result, there are many modifications
of EFDs, which can be divided into two main groups.
The first group involves unilateral constructions
of EFDs, which are quite simple to use but have
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limited fixation capabilities and are intended only
for temporary stabilization of fragments with their
subsequent replacement with another method of
osteosynthesis [1]. At the same time, the second
group of EFDs is characterized by significantly
greater rigidity, since it there is a bilateral fixation
of the device. This group mainly includes EFDs with
annular and semi-annular external supports, for
which through-hole drilling with two-sided fixation
of spokes or rods is provided [2]. Such rigid devices
can be used as the main final external method of
osteosynthesis in cases where, for various reasons,
contraindications to internal osteosynthesis arise [3].

Based on experimental and clinical studies,
the effect of interfragmentary movement (IFM) of
fragments on the process of bone healing, which
is known to regulate mechanically induced tissue
differentiation, has been revealed. At the same time,
the range of IFM depends on both the magnitude of
limb loading during treatment and the rigidity of the
EFD - the mechanical behavior of the system «External
Fixation Device — Bone». Excessive loading may
lead to hypertrophic nonunion, whereas excessive
rigidity of the EFD can cause bone tissue hypotrophy.
Therefore, it is significant to develop such an EFD
design that would provide optimal rigidity of the
system «External Fixation Device — Bone», ensuring
controlled limb loading with an appropriate range of
IFM [4].

The intensity of bone regeneration during
fracture healing and the safe amount of load cannot
be objectively measured in clinical settings, as well
as the type and extent of mechanical reaction that
cause various tissue processes with intramembranous
or endochondral ossification. However, the above
quantities can be calculated using the Finite Element
Method (FEM). Thus, the mechanical behaviour of
the system «External Fixation Device — Bone» and its
stability can be assessed quantitatively.

The objective of this work was to study the
behaviour of the proposed «External Fixation Device
- Bone» system at the stages of bone regeneration in
the diaphyseal fracture of the tibia in the postoperative
period after osteosynthesis.

Material and Methods

Simulation computer modeling was carried out,
with development of the semi-full-scale prototype of
the bone fragments fixation system «External Fixation
Device — Tibia» (Fig. 1). 3D solid models of the tibia
(Fig. 2) and the EFD (Fig. 3) were created using the
SolidWorks software package (Dassault, France).

The EFD model with a rigid configuration for the
final treatment of the diaphyseal fracture of the tibia
with the possibility of a controlled load on the limb
and dynamization of the system was used in the study.
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The proposed EFD consisted of 4 semi-rings (160
mm), 9 connecting beams (150 mm), two through
pins (5 mm), 2 spongiosus screws (5 mm), 2 cortical
screws (5 mm), 6 clamps, 2 cantilever supports for
fixing the rods, and 36 nuts (Fig. 1). All components
of the EDF were made of AISI320 stainless steel. Four
semi-rings were connected to each other by 9 beams
passed through holes in the semi-rings and fixed with
nuts. The beams were placed between the semi-rings
by three units. In addition, two additional cantilever
supports were used, connected to the proximal and
distal semi-rings with bolts. All semi-rings were
located in the axial plane [5].

Two through pins were passed through the
epimetaphysis of the tibia in the coronal plane, at the
distance of 2-3 c¢cm from the articular surface. Two
cortical screws were passed through the canals in the
tibia at the distance of 3-4 cm from the fracture line.
The remaining two unilateral spongiosis screws (2)
were drawn in the sagittal plane through the canals
in the epimetaphyseal area (Fig. 1).

il

Fig. 1. Semi-full-scale prototype of the system
«External Fixation Device — Tibia».

Anatomical and anthropometric data, closely
approximating real conditions, were taken into
account to develop the computer model. The cross-
sectional model of the tibia included cortical bone,
spongy bone, and bone marrow (Fig. 2).

Fig. 2. Solid 3D model of the tibia
and its cross-section
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Solid models of the tibia and the EFD were
assembled into a single system of bone fixation
elements, where the tibial oblique fracture with an
interfragmentary diastasis of 2 mm was created in
the middle third of the diaphysis (Fig. 3). 3D model
of the system «External Fixation Device - Tibia» was
imported into the ANSYS Workbench Mechanical
(R2020, ANSYS, Inc.) for further finite element
analysis of its stress-strain state (8SS). Depending
on the stage of bone regenerate formation in the
postoperative period, the interfragmentary space was
filled with the appropriate tissue using its mechanical
properties (Table 1) obtained from the literature

[6-8].

Fig. 3. Tibial diaphyseal oblique fracture
fragments fixation in the EFD.

At the next stage, a finite element mesh of the tibial
fracture fragments fixation system was generated. It
consisted of 589,237 nodes and 332,270 elements,
providing sufficient accuracy for calculations (Fig. 4).
Linear tetrahedron finite elements with dimensions
that did not exceed 1 mm predominated. In the
most important transition areas of the model, with
different mechanical properties, the finite element
mesh was thickened to improve the accuracy of
calculations. Discretization was performed with the
elements which are sufficiently small, so reducing the
size of the element to an acceptable level provides
the necessary detail of the design model and ensures
more reliable results.

00 50,00 0000(mmi

o

15,00 750

Fig. 4. Finite element mesh.
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Table Ne1
Physical properties of materials
Young’s
Material type | modulus, | Poisson’s ratio IFM,
MPa
Granulation o
tissue 1 (0] 017 &
Fibrous tissue 2[6,7] 0.17 10
Cartilaginous
tssue 10[6,7] 0.17 10
Spongious
bone tissue 500 028 5
Stiff callus 0,000 [7, 8] 0.3 -
Cortical bone
tissue 20,000 [7, 8] 0.3 2
Medical steel 200,000 0.3

Boundary conditions and loading applications.
The interface between the bone fragments and
screws were modelled as a bonded contact condition,
whereas the contact between the metal elements
and bone fragments was specified as frictionless.
Frictionless contacts were also specified between
bone fragments. Screw threads were omitted from
the models to simplify finite element analysis. A
mesh convergence analysis was conducted to ensure
solution convergence. Models were subjected to
idealized loads representing a pseudo-static single-
leg stance (100% body weight [BW] 800N), with
force applied through the tibial plateau (B), directed
distally along the mechanical axis of the tibia. The
distal end of the tibia was fixed, while a force of
800N was applied to the proximal tibial surface in
1 sec with free motion. All finite element analyses
were completed in the same boundary and loading
conditions (Fig. 5).

A: Static Structural
‘Static Structural
Time: 1, 5

‘I'
4
[&] Fixed Support
Force: 800, N

S ]

Q00

50,00 150,00

Fig. 5. Boundary conditions and loading applications.
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Interfragmentary movement is taken as a criterion
for the stability of fragment fixation [9]. The term
«stability» is used in the study according to its use
in clinical practice to define the displacement of
fracture surfaces as a function of loading. With
interfragmentary compression of fragments involved
in the contact, their displacement is not observed,
which indicates the absolute stability of fixation.
The surfaces of fractures, which were fixed during
osteosynthesis without the use of compression,
are subject to interfragmentary displacement. It
is proportional to the applied load and inversely
proportional to the stiffness of the tissue in the
interfragmentaryarea [10]. At the same time, according
to the literature, stimulation of osteogenesis occurs
with deformation of the soft tissue callus in the
range of 5-10% of the size of the interfragmentary
space and decreases to 1-2% in the later stages of
bone remodelling at the fracture site. IFM at different
stages of callus formation, depending on the type of
tissue in the interfragmentary area, should not exceed
10% [11-13].

Quantitative assessment of interfragmentary
movements under body weight load was carried
out using the FEM with analysis of Directional
Deformations in the interfragmentary space along
the X-, Y-, and Z-axes (Fig. 5). Calculations of the
possible ultimate loading on the bone regenerate for
each stage of callus formation were performed based
on the IFM under the influence of compression load
that allowed up to 10% for granulation and fibrous
tissue, 5% for cartilage tissue, and 2% for stiff callus
(9, 10, 13, 14].
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Fig. 6. Location of the X-, Y-, and
Z-axes along the fracture plane for Directional
Deformations calculations.

Validation of the FEM was carried out by
mechanical loading of a semi-natural model of
the «External Fixation Device — Bone» system in a
universal testing machine Inspekt Solo 2.5 (Hegewald
& Peschke, Germany), with registration of force
and displacement data on a peripheral computer
software. Instead of the tibia, a beech billet of the
corresponding diameter was used, which in terms of
mechanical properties is as close as possible to the
properties of bone (Fig. 7). The beech billet was fixed
using aluminium sockets mounted on its proximal
and distal ends, with free moment under compression
force of VI=1 mm/min.
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Fig. 7. Mechanical loading of a semi-natural model in a universal testing machine.




Results

The obtained values of Directional Deformations
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Table Ne2
Directional Deformations (mm) for each tissue
type in the interfragmentary area in the direction

in X, Y and Z axes for each type of tissue in the of the X-, Y-, and Z-axes
interfragmentary space, depending on the stage X |y lz | x|y ]|z [IEM%
of callus formation, are presented in Figure 8, and mm %

their correlation with the permissible values of Granulation

[FM is presented in Table 2. %)hc dimensions of the Tissue 098|158 | 1151490 56 | 52| 10
interfragmentary space are as follows: 2 mm in the Fibrous tissue | 082142 (085|410 51|39 | 10
direction of the X-axis, 28 mm in the direction of Cartilaginous

the Y-axis, and 22 mm in the direction of the Z-axis. tissue 04110751034 205 27 | 15 5
Relgtlve to these yalues, D1rect1opal Deform.auons Stiffcallis 1003 | 0041005 ] 15 | 04 | 02 5
in % were determined for each tissue type in the

interfragmentary area in the direction of the X-, Y-, Inte;égalcgerr;;rétaw 2| 28| 22

and Z-axes (Table 2).
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Fig. 8. Directional Deformations of the interfragmentary diastasis along
the fracture plane in the direction of the X-, Y-, and Z-axes.
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Based on the data obtained in simulation by the
FEM, the values of possible ultimate limb loading,
expressed as a percentage of body weight, were
determined for different stages of callus formation
(Table 3). The minimum value of Directional
Deformations (X, Y, and Z) along the fracture plane
in the interfragmentary area was selected as the basis
for calculating the possible ultimate load for each
type of callus tissue.

Table Ne3
Possible ultimate load calculation
for each type of callus tissue

Possible ultimate load calcula- Possible

tion in the direction of axis, N| Mini- | ultimate

mum |loadin %

X Y Z value, N | of body

weight
Granu-

lation 1633 | 14177 | 15304 | 1633 20
tissue
Fibrous

tissue 195.1 15775 | 20706 | 195.1 24
Carti-

laginous | 195.1 14933 | 25882 | 1951 24
tissue

el 10667 | 11,2000 | 70400 | 10667 | 133

The obtained values of the Total Deformations
of the semi-natural model of the «External Fixation
Device — Bone» system in the universal testing
machine under a compression load of 800N (body
weight) were 5.17 mm, which fully corresponds to
the Total Deformations of the FEM of the «External
Fixation Device — Bone» under similar conditions —
5.21 mm (Fig. 9).

I Transient Structural
Total Deformation
Type: Total Deformation |k

Unit: mm
Time: 1 (Unconverged) s

5,21
5,0681
44346
3,801
3,1676
2,5341
1,9005
1,267
0,63351
0 Min

Fig. 9. Total Deformations of the FEM of the
«External Fixation Device — Bone» under
compression load of 800N.
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Discussion

Based on the obtained data on the possible
ultimate load on the limb for various stages of
callus formation, recommendations for developing
an appropriate rehabilitation program have been
proposed. It is advisable to add a controlled load
on the limb using floor scales to the rehabilitation
program for the treatment of diaphyseal fractures in
the EFD with the proposed composition. Fractures
treated with early loading heal almost twice as fast
as with other approaches [15, 16]. In the absence of
complications, mechanical training of the callus can
be started from the first week of the postoperative
period. The decision to start the limb loading is made
exclusively by the surgeon, taking into account the
influence of the following factors: the complexity of
the fracture, the outcome of the surgery in terms of
the reliability of the reposition of bone fragments,
the achieved stability of fixation, the composition
of the EFD, the patient’s body mass index, age, bone
quality (osteoporosis), the presence of cognitive
impairment, the level of mobility before the fracture,
and the patient’s compliance - the willingness to
follow the doctor’s recommendations for treatment.
Any deviations from the normal course of reparative
osteogenesis may be a factor in revising the tactics of
rehabilitation treatment for this category of patients.

Computer simulation of the fixation capabilities
of the proposed EFD demonstrated that its rigidity
is sufficient to ensure early limb loading in the range
of 20 - 24% of body weight from the first days of
the granulation and cartilaginous tissues regenerate
formation. Faster consolidation of the fibula (5-6
weeks) can shorten the duration of physical therapy
measures with a controlled load on the operated
limb in the EFD and provide the opportunity to
increase its level at the stages of callus formation.
As a result, the value of the limb loading can reach
up to 50% of the body weight (double-leg stance)
after 6 weeks of treatment. Later, when stiff callus is
formed around the fracture (8-17 weeks), the load on
the limb can reach 130% of the body weight, which
will allow the patient to move without additional
support [4]. Considering the obtained data, the EFD
in the proposed composition allows it to be used
as a final method of treatment and to carry out
effective conversion, preventing the occurrence of
complications. Recommendations are provided with
a certain margin of safety.

All measures with loading on an operated limb are
supervised by an orthopedic surgeon; the patient’s
condition, the state of bone fragments, the integrity
of the EFD components, and the changes on the
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repeated radiograms undergo constant monitoring.
The tactics and modes of rehabilitation protocol
using controlled limb loading can be influenced by
the size of the diastasis between the bone fragments,
the type of fracture (oblique, transverse, or spiral),
and the EFD composition.

Conclusions

The study suggests that in diaphyseal fractures
of the tibia after osteosynthesis in the EFD, an early
operated limb loading allows for «training» of callus
formation. With fixation of an oblique diaphyseal
fracture of the tibia with an interfragmentary diastasis
of 2 mm in the proposed EFD, the limb loading should
not exceed 20% of the body weight at the stage of
granulation and fibrous tissue formation, 24% for
the cartilaginous tissue stage, and 133% for the stiff
callus stage. At the stage of callus transformation into
the cortical bone, gradual dismantling of the EFD is
possible. These mathematical calculations can help
surgeons in providing more precise recommendations
to patients regarding optimal limb loading regimens
during rehabilitation treatment of tibial fractures in
the EFD. Further studies of the maximum possible
ultimate loading could form the basis for future
prospective randomized studies, which in turn
would guide the development of updated clinical
recommendations.
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bioMexaHiYyHHMH aHaNi3 MOBEAIiHKH KOHCTPYKHii «A3®-kicTKa» Ha
eranax (OpMyBaHHA KiCTKOBOIO pereHepary aiadizapHoro mepemromy
BEJIMKOTOMiTKOBOI KiCTKH

Jasapes 1A', Padomcoxuti O.A.,> Puxcxoe b.C.%, Schultheiss U.,! Dendorfer S.,’
Cxuban M.B.!

ICxionobasapcokuii yHisepcumem npurxiaonux nayx, Hinewuurna, Pezencoype
‘HYO3 Yipainu imeni [1.J] Hlynuxa, Yxpaina, Kuig

Pe3stome. 3acmocysanns anapamis 308Hiunb0i pirxcayii (A3D) 0ans niKysanns dia-
pizaprux neperomie Kicmox 20MiAKyu cmano cmanoapmom. Ipu ybomy nepesaicra
Oinvuicms moougpixayiti A3Q mae nedocmamuio puionicms. Omauce nocmae Heoo-
Xionicmo 6 po3po6w’ maxoi koncmpyxyii A3D, axa 6 moana 3a0e3neuumu PanHe Ha-
BAHMANCCHNA KINUIBKU NPU ONMUMANGHOM) 00CA3I MmcgﬁpameHmapﬁoeo Dyxy. Jo-
MUHHOI0 NPOOIEMON € HEOOXIOHICNb BUSHAMCHHA MEXAHIYHOL MIUHOCI KICIMK08020
Dezenepamy nio uac 3a20€HHA NEPeNOMY, AKY HeMOMIUBO 00'€EKMUBHO SUMIPAMU 6
KAIHIUHUX YMo8ax. IIpome guiyesasnaveni 6eauduny MOMKIUBO PO3Paxysami 3a 00-
nomo2010 memooy Kinyeeux eremenmié (FEM). Memotw pobomu CMAan0 SUSHAMEHNA
Memooom cxinuennux enemermie (MCE) Giomexaniunoi nogeoinKu 3anponorosanoi
Konempykyii «A3D-6enuK020MinKo6a Kicmka» Ha emanax Gopmysanus Kicmioeo2o
pezenepamy 3a ymoeu 1020 Haganmadxcenus 6azor mina. Mamepiaru ma memoou
oocaioxncenna. Iposeoeno imimauitine Komnomepne Mooeno8ants, na nouamro60-
MY emani 4K020 CMEOPeHO HAnieHAMYPHUL NPOMOMUN cucmemu QYiKcayii Kicmkosux
ppazmenmis «A3P—-6eauK020minkosa Kicmxa». Ha 11020 0CHO8i, HACMYNHUM KDOKOM,
0y10 cmeopenns 3acodamu npozpamnoz2o naxemy SolidWorks (Dassault, France) meep-
dominorux 3D modenetl eenuro20minkogoi kicmxu (BIK) ma A3D. ¥V pobomi europuc-
mano xoncmpyxyiro A3Q axa cknadaemocs i3 4 wanisxineys (160mm), 9 360Hy0OYUX
6anox (150 mm), 060X HACKPISHUX CIMEPICHIB (S MM), 2 CNOH2IOIHUX CMEPICHIE (5MM),
2 KopmuxansHux cmepicie (5 mm), 6 3amxis. Bei xomnonenmu A3Q sukonami 3 He-
pacasitouoi cmani AISI320. Pe3yasmamu 00caioycenna ma ix 0062080penna. Ii-
mayiiine Komnomeprne Mo0es08aAnHA PIKCaAyIiHUX MOIIUBOCMEN 3aNPONOHOBAN020
A3D noxasano, wo 11020 puzionicms 0ocmamms 024 3adesnewenis 0030641020 Ha-
BANHMANCCHHA YUKOONeHOT KinyieKu 6 mexcax 20 — 24 % eazu mina we 3 nepuiux omnie
YMBOPEHHA 2DAHYIAYIANO - XPAU06020 pezenepamy. HeoOXiono epaxysamu o ono-
DHa PYHKYIA MANO20MINKOBOT KICIKU BIOHOBAIOEMbCA BIICe wepe3 5 — 6 MUNCHI8 nicas
it 3poujenna i ckraoae npubauno 17 — 30% eazu mina. Omuce 3a2anrom 00306ane Ha-
BAHMANCCHHA KIHYIBKL MONCe caeHymu 50% eazu mina 8xce nicis 6 muxcHie aiKyear-
HA. Y n00ansuomy, Koau ymeoprocmuscs 3pina Kicmxosa mxanumnd Haekoai0 nepenomy,
natacmimwe npomazom 8 - 17 muicHie, Hasanmaicenns na Kinyiexy moxce CKaaoamu
130% eaeu mina, wo 3abesneuye pyx nauyienma 0e3 000amxo6oi onopu. Bucnogox.
IIpogedene imimauiiine Komn’romepne MoOeMOBANH 0AE MOIIUBICING BUSHAMUMU
N0BEOIHKY OIOMeXAHINH020 Cepedosuwa 3anpononoeanoi cucmemu A3P-kicmka ma
0036015€ 6CMANOBUMU 00CA2 HABAMMANCCHHA KIHYIBKU ) npoueci po3pooKu HaAyKo-
80 002DYHMOBAHOI Deabinimayitinoi npozpamu 0a% CMEOPEHHA ONMUMASLHUX VMO
3pouerma neperomy. 3anpononosand KoHcmpyxuyia A3D moxce 3acmocosy8amiucs 04
0CMamoywn020 JKyeanua oiagizaprux neperomie BIK ma nepedbauae moraueicmo
Dpannb020 Hasarwmaxicenns cucmemu A3D-Kicmra.

Knouoegi croea: nepenom diaghysy Kicmox 2ominku, anapam 308Hiunsoi gikcayii,
MEMO0 KIHYeBUX eNeMeHMIB, HABAHMANCHHA KIHUIBKU.
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