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BIOMECHANICAL ANALYSIS OF TENSION-COMPRESSION
ASYMMETRY, ANISOTROPY AND HETEROGENEITY
OF BONE RECONSTRUCTION IN RESPONSE TO
PERIPROSTHETIC FRACTURE REPAIR

Zolochevsky O. O., Martynenko O. V.

Introduction. Bone repair after periprosthetic fracture is a critical issue in orthopedics.

Obijectives. So there is a need for research to provide new medical solutions, especially in the context of population
ageing in the Ukraine. The importance of biomechanics which is concerned with the application of principles, concepts
and methods of mechanics of solid and fluid to the human body in motion and at rest is well recognized as a foundation
for further experimental and theoretical research in the skeletal tissues.

Materials and methods. Different aspects of biomechanics require different concepts and methods of mechanics of
solid and fluid to be used. Remodeling occurs significantly throughout lifetime of bone that is why it can be regarded as a
primary determinant of the mechanical properties of bone and implant. Biomechanical analysis given in this review has
been concerned with understanding on how mechanical signals and molecular mechanisms affect the healing of
Vancouver periprosthetic femoral fracture of B1 and C-type with the use of internal fixation through a less invasive
stabilization system (LISS)-plate, which is screwed into the artificial hip joint.

Results. Identification of such parameters as mechanical properties of bone, titanium alloys (hip prosthesis, coating,
LISS-plate, screws) and implant/biomaterial interface with bone under mechanical and biochemical loading that are very
essential for predicting arthroplasty outcomes were investigated experimentally considering elastoplastic deformation,
creep, fatigue and ratcheting, as well as, damage development in materials under discussion. Among the basic deformation
features were tension-compression asymmetry, anisotropy and heterogeneity of mechanical properties. We used the three-
dimensional finite element model derived from the reconstruction of treatment and magnetic resonance (tomographic)
images.

Conclusions. As a result of this model analysis, it was found that treatment rate of periprosthetic femoral fractures
after total hip arthroplasty with the use of LISS-plates and screws for internal fixation may be controlled by means of
ABAQUS (or ANSYS) software package to reproduce the characteristic features of bone and implant in bone
reconstruction in order to improve the fracture healing rate and shorten treatment duration.

KEY WORDS: periprosthetic fracture, LISS-plate, biomechanics, anisotropy, heterogeneity, tension-
compression asymmetry
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arthroplasties will suffer from a periprosthetic
INTRODUCTION fracture at least once in their life, most
Bone repair after periprosthetic fracture isa  commonly caused by a fall on the implanted hip
critical issue in orthopedics [1]. Every year, for  [1, 4]. Main reasons for these periprosthetic
example, 350 000 knee and hip prostheses are  fractures are implant loosening, alteration of the
implanted solely in Germany [2]. Therefore, hip  femur’s physiological properties and increasing
replacement is one of the ten most common  patient’s age [2, 4].
surgeries. But due to a continuously increasing Post-operative femoral fractures are graded
number of primary hip arthroplasties, the by the Vancouver classification (tab.1). For
incidence of periprosthetic fractures is also  surgical decision-making, the Vancouver
increasing [3]. At present, up to 4-5% of all  classification has been proven most useful, and
patients  with  implanted primary hip itiswidely inuse [1, 4].
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Table 1

Vancouver classification system of periprosthetic fractures [4]
AG: greater trochanter
A Trochenttric region
AL: lesser trochanter
B1: stable arthroplasty
B diaphysis B2: unstable arthroplasty
B3: B2 with osseous defect
C Distal arthroplasty

The Vancouver Bl periprosthetic femoral
fracture (tab. 1) assumes fracture around stem
or just below, with stable arthroplasty [1, 2]. In
the case of the Vancouver C fractures (tab. 1),
fracture occurs below the prosthesis. Both types
of the Vancouver periprosthetic femoral
fractures (B1 and C) require surgery with plate
and screw systems [1, 2]. Hence, the novel
medical approach is to fix the Vancouver C (or
B1) periprosthetic fracture through a less
invasive stabilization system (LISS)-plate,
which is screwed into the artificial hip joint [1—
4].

a

As an example, Figure 1 shows implants [5]
which instrumented into the fractured femur,
including LISS-plate and intramedullary
nailing. The femur consists of cortical shell and
cancellous core (Fig.1la). Also, it is seen
(Fig. 1a) how a 9-hole LISS plate was fixed to
the distal femur with proximal and distal
cortical screws. Periprosthetic fracture was
simulated as a displaced 1-cm gap (Fig. 1b and
c). Hence, transverse (Fig.1lb) and oblique
(Fig. 1c) patterns of the periprosthetic fractures
are considered.

Fig. 1. Internal fixator and fracture patterns: (a) LISS-plating,
(b) transverse fracture, (c) oblique fracture [5]

OBJECTIVE

Practical recommendations related to the
healing of VVancouver periprosthetic fractures of
B1 and C-type with the use of LISS-plates and
screws for internal fixation are mainly based on
clinical experience. So there is a need for
research to provide new medical solutions,
especially in the context of population ageing in
the Ukraine. Also, important themes include
function and health related quality of life after
surgery. Other aspects include clinical outcome
analysis for different medical solutions in order
to overcome many of the limitations of
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traditional surgery and to improve the ability to
pain and carry out surgical interventions more
accurately.

MATERIALS AND METHODS

The importance of biomechanics is well
recognized as a foundation for further
experimental and theoretical research in the
skeletal tissues [6]. In general, biomechanics is
an interdisciplinary field that involves the
disciplines of biology, medicine and mechanics
for health care purposes, including diagnosis,
monitoring and therapy. The field of
biomechanics is related to the study of structure



and function of biological and medical systems
using the approaches of mechanics of solid and
fluid. In this way, it is possible to qualitatively
and quantitatively understand  biological
phenomena that are fundamental in medicine.
Thus, biomechanics is concerned with the
application of principles, concepts and methods
of mechanics of solid and fluid to the human
body in motion and at rest.

Different aspects of biomechanics require
different concepts and methods of mechanics of
solid and fluid to be used. At the same time, it
is necessary to take into account that three
processes account for the amount of bone we
have, and for where it is found in our skeletons,
such as, growth, modeling and remodeling [6].
Remodeling is the only one of these processes
that occurs significantly throughout lifetime of
bone. Consequently, remodeling is a primary
determinant of the mechanical properties of
bone and implant.

Development of practical recommendations
in response to the healing of Vancouver
periprosthetic fractures of Bl and C-type
requires the knowledge of mechanical
properties of bone, titanium alloys (hip
prosthesis, coating, LISS-plate, screws) and
implant/biomaterial interface with bone under

A

A

Series «Mediciney. Issue 37

mechanical and biochemical loading. Such
mechanical properties can be investigated
experimentally ~ considering elastoplastic
deformation, creep, fatigue and ratcheting, as
well as, damage development in materials under
discussion [7]. Among the basic deformation
features of these materials are tension-
compression  asymmetry, anisotropy and
heterogeneity of mechanical properties.

RESULTS AND DISCUSSION

Tension-compression asymmetry. Bone
shows different mechanical properties in
tension and compression identically to any
other material [8, 9]. In this regard, bone must
demonstrate different stress-strain diagrams
[10, 11], different creep curves [12,13],
different fatigue behavior [14, 15] and different
damage development [16, 17] under tensile and
compressive loading types for one and the same
anatomic situation.

Stress-strain diagrams of human cranial
bone under uniaxial tension were obtained for
over 120 specimens at strain rates ranaina from
0.01 to 150s™ [18]. It is seen (Fig. 2) the good
correlation between the experimental and
simulation results [19].
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Fig. 2. Comparison of experimental data for cortical bone in tension [18] with simulation results [19]

Stress-strain  diagrams of embalmed
human femur under uniaxial compression
were obtained for six different strain rates of
1500, 300, 1, 0.1, 0.01 and 0.001s™ [20].
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Comparison between the experimental and
simulation results has been given in Fig. 3
[19].
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Fig. 4. Comparison of experimental data for cortical bone in tension,

compression and torsion

Experimental data discussed above
demonstrate tension/compression asymmetry
of bone, but, unfortunately, they were
obtained by different authors and at different
laboratories and conditions. The influence of
the kind of loading on the mechanical
behavior of femur was studied experimentally
by Yamada [21]. For this purpose, such
experiments, as uniaxial tension, uniaxial
compression and pure torsion  were
conducted. Figure 4 shows the stress-strain
diagrams of femur influenced by type of
loading, as well as, the correlation between
the experimental and simulation results [19].

Experimental data related to the tension-
compression asymmetry of bone in response
to creep, fatigue, ratcheting and damage

[21] with simulation results [19]

development have been analyzed earlier in
[7]. Tension-compression asymmetry of
titanium alloys has been discussed in detail in
[8, 9].

Experimental data given in Figs. 2—4 were
obtained under monotonic loading. Stress-
strain diagrams of bone under cyclic loading
are presented in Fig. 5. It is clear that the
unloading curves are deviated from the so-
called linear unloading response. Also, it is
seen (Fig.5) the difference in mechanical
behavior under unloading and reloading.
Plastic (irreversible) strain data under cyclic
loading include ratcheting part that reflects
the influence of damage on the mechanical
behavior of bones under fatigue conditions.
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The comparison of experimental data
under cyclic tension and cyclic compression
(Fig. 6) shows the effect of the kind of stress
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Fig. 5. Stress-strain diagram of cortical bone under cyclic tensile loading [22]
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Fig. 6. Stress-strain curves for osteonal bone under cyclic compression (a) and cyclic tension (b) [23]

Initial anisotropy. At the cellular scale,
bone is composed of bone matrix, infiltrated
with minerals and with the osteocyte network,
and soft tissues and cells. The mechanical
properties of bones depend strongly on the
variable structure of the material inside
bones. Basically, bone is an anisotropic
material in nature. The initial anisotropy of
bone is related to the dependence of
mechanical properties on the orientation at a
point in  bone under consideration.
Fortunately, such anisotropy occurs in bones
in a form of the orthotropy or transverse
isotropy because of symmetries in the
material microstructure [6]. Orthotropic
materials have three planes of symmetry, and
the mechanical properties of orthotropic
materials are different in three perpendicular
directions (the longitudinal, radial, and
circumferential direction of bone). The
transverse isotropy is a particular case of the
orthotropy when bone behaves similarly in
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every direction about a single axis of
symmetry.

Experiments on bone samples collected
from animals have been used commonly
instead of human experiments to study the
mechanical properties. For example, the
comparison of the longitudinal (in alignment
with the physiological axis) and transverse
stress-strain characteristics of bovine femurs
under tensile and compressive loading types
is presented in Table 2 [24]. Such comparison
is given for modulus of elasticity E, limits of
linear elasticity for stresso, and straine,,
ultimate stress o, and ultimate strains, . Tests
clearly demonstrate that bone is more
resistant in the longitudinal direction than in
the  transverse  direction.  Mechanical
properties of bovine bone are similar to that
of human bone [6]. At the same time,
modulus of elasticity in bovine is much
higher than in mouse [25].
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Table 2

Mechanical properties of cortical bone in tension and compression [24]

Orientation Loading ; Ey Ou Eu
type (GPa) (MPa) (%) (MPa) (%)
Compression 19.09 184&?2 1.20 21439 2.37
=284 +2251  +0.09 2757 =038
Longitudinal
Tension 2022 7585 0.61 9741 1.85
+3.12 +13.98 +0.11 £19.88 +0.39
Compression 11.62 112.78 1.06 131.16 2.40
£2.4 +£19.61 =021 £22.02 +0.73
Transverse
Tension 1243 3292 027  40.18 0.54
+2.37 £7.85  £0.09 9 =018

The difference between the longitudinal
and transverse creep curves of cortical bone
has been shown in [26]. The anisotropic
mechanical behavior of cortical bone under
cyclic loading has been studied in [27-30].
Bone samples were prepared in the
longitudinal, circumferential and radial
directions of femur. Initial anisotropy of the
fatigue and ratcheting of cancellous bone has
been studied experimentally in [31].

Also, it is necessary to take into account
the anisotropic mechanical properties of the
titanium  alloys. For  example, the
experimental data obtained on the samples
taken in different directions of a Ti-6Al-4V
plate demonstrate the initial anisotropy of
creep and creep damage [32, 33]. So, the
rupture time of the longitudinal samples is
less by a factor of 30 than one obtained on the
transverse samples for one and the same
value of the tensile stress in the creep
experiments. Anisotropy of the fatigue and
ratcheting of Ti-6Al-4V has been studied
experimentally in [34].

Heterogeneity. Bone is highly
heterogeneous in its nature. For example, the
stress-strain diagrams of cortical bone for
specimens  cut from  four  anatomical
quadrants of bovine femurs are essentially
different [24]. Additionally, cancellous bone
is substantially weaker and more compliant
than cortical bone [6].

In this regard, the material properties of
bone are frequently discussed in terms of its
apparent density o . The typical range of
apparent density in cancellous bone is 1.0-
1.4 g/cm®, compared to about 1.8-2.0 g/cm?,
for compact bone [6]. Values of p lower than
0.25 g/lcm®correspond to the fracture of
osteoporotic bone [35].
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Modulus of elasticity has been related to
density by the relationship [6].

E=Rp® (),
where R and p are material parameters, and
exponent p =2 for cortical bone and p =3
for cancellous bone. Also, it is possible to use
the approximations given in [36] considering
the bone density instead of temperature. Let,
the modulus of elasticity of bone with
densities p, and p,(p, > p,) can be defined
by the expressions E=Rp"andE=R,p",
respectively. Then, the modulus of bone with
density pe[p,,p,] can be determined with

use of Eq. (1) and an interpolation procedure,
such as

R=RI'R;, p=[-r)p+rp,, (2,
wherer =522 and n=2L"2 Thus, Eq. (1)
p P> =Py

corresponds to the modulus of elasticity of
bone with material parameters defined for
density p e[p,, p, by Eq. (2).

Biomechanics. Considering bone and
titanium alloy as anisotropic materials with
different  behavior in  tension and
compression, the connection between the
kinematic tensor €,, and stress tensor o, in
the bone reconstruction can be written as
follows [37, 38]:

8,0,

_ ik Ok

€ = eo(—
O,

+b, J (3)

Here e,o, =08, 0,=0,+0,, 0y =bo;;
o, =8,,0,0,; byand a;are the second
order and fourth order material tensors; o,

and oZare the linear and quadratic joint
invariants of the stress and the material



tensors; o, is the equivalent stress; €,is the

scalar function which depends on o, as well
as, some structural parameters and specifies
for each physical state of the material
(elasticity, plasticity, creep).

In the case of the nonlinear elasticity, the
kinematic tensor e, = & is the tensor of the
elastic strain, and it is possible to assume that

v(o,)
g, = ——— 4),
0 (1_a))m ( )
where ¢« is a continuum damage variable by
Kachanov-Rabotnov introduced to describe
the damage growth in the bone reconstruction
[7], different examples on how to specify the
function v(o, )are given in [8, 9].

For plastic deformation of anisotropic
materials with the strain hardening measure q
and condition of plasticity

V(O-e ): q ] (5)
the kinematic tensor e, = & in Eq. (3) is the
tensor of the rates of the plastic strain, the dot
above the symbol denotes a derivative with

respect to the loading parameter, and the
scalar multiplier in Eq. (3) can be defined as

eO = }(V'(O'e )G.e ) (6)

Here the prime denotes a derivative with
respect to g, , and y =0 when v(c, )< q and
elastic deformation occurs, and either in the
case of unloading or neutral loading when Eq.
(5) takes place together with
conditiong, <0. Also, y=1in the case of
loading when Eqg. (5) is valid simultaneously
with inequality 6, >0.

Considering creep hardening with the
measure ¢ and creep damage of anisotropic
materials, it is possible to assume that the
kinematic tensor e, =&, in Eq. (3) is the
tensor of the rates of the creep strain, the dot
above the symbol denotes a derivative with
respect to the time t, and the scalar multiplier
in Eq. (3) can be defined as

v(o, )f(n?) _ ©)
1-o)
Different examples on how to specify the
functionsv(o,), £(q)and damage evolution
equation for @ are given in [8, 9].

Now, a number of comments need to be
made in reference to Eq. (3). First, the

€ =
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relationship between tensors under discussion
was used in [39-42], however, without
referencing sources [37, 38]. Second, further
development of the constitutive framework
was given in [8, 9, 43, 44] based on the
additional introduction of the sixth order
material tensor and the cubic joint invariant
of the stress and material tensors. Third, the
determination of the material parameters in
Eqg. (3) is obtained from a series of basic
experiments outlined in [8, 9, 37, 38]. Finally,
material parameters under consideration are
functions of bone density which can be
specified by analogy with Egs. (1) and (2).

For orthotropic materials with coincidence
of the coordinate axes with the principal
directions of anisotropy Eq. (3) takes the
following form [37, 38]:

_ 91111011 + 8112905 t 81133033
€1 = eo[ o +by, |
2

o
e, =26, 8151201,
(eF}

(1,2, 3). (8)

Here the symbol (1, 2, 3) means that the rest
of the relations can be obtained from Eq. (8)
by circular transposition of lower indexes 1, 2
and 3; o, =by,0y, +b,,0 +byoys ;
2 2 2 2
0) = 8411101 + 8y Oyp + 83p330 33 + 28415, 01,0 +
2 2 2
+ 2801330110 + 28539090y + 4811, 0y + 481343073 + 4855075
In a particular case of the transverse isotropy

of bone or titanium alloy with a single axis of
symmetry 1 the following equalities in Eq.

(8) hold [45] by, =by; ;80 =8y

iz = Auygs; Bporp = Biyrg; Aoy = 2835 + gy -
Further simplification of Eq. (8) for

orthotropic materials with coincidence of the

coordinate axes with the principal directions

of anisotropy is related to the following

requirements [46, 47]

Ay = aqzlv 28y, =—ayay ,

4a,, =38, +ay, (1,2, 3) )

based on the six material parameters a,;, a,,,

ay, &, ,38, and a,. Making use of Egs. (8)

and (9) one obtains the following tensor
relationship [47]

1
2
011 — E(allaZZO-ZZ + aua330'33)

€,=6 p + b11 J
2
2
e, =%90£M @2 3), (10),
2P
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2 2 2 2 2 2 2
where o = a;,071, + 850 + 8303 — ,8,-01,0,

—Qy;83307,033 — 88330 5,043 +

2 2 2\ 2 2) 2
+ (3311322 +ap )0'12 + (3311333 +ag )013 + (3322 Ay +ay )‘723

Definition of principal directions of
anisotropy in biomechanical analysis must
reflect the real anatomical situation in the
femur. For example, principal directions of
orthotropy for the cortical bone in the femur
neck, trochanter minor or major are different
from the orthotropy orientations in femur
diaphysis  [48]. Furthermore, principal
directions of anisotropy in the cortical bone
and cancellous bone are not the same. For
orthotropic materials where the coordinate
axes do not coincide with the principal axes
of anisotropy, the tensor relationship can be
written in the same way as Eqg. (3), such as

a.o
eij :eo( ijkI~ kI _'_birj]7
0,

with new material tensors transformed in
accordance with the customary
transformation rules for fourth- and second
order tensors

(11),

! ’
Qiji = OO g @ bij = amianjbmm (12),

mnpq;

where the components ¢;;are the direction
cosines of the angles between the principal
axes of the anisotropy and the new coordinate
axes. The symmetrical material tensors
ai'jk| and bi'j contain 21  independent
components and six ones, respectively.

A

The process of bone remodeling after
reconstruction can be described using the
Wolff’s law and taking into account changing
its shape and density [49]. In general, the
variation in bone density at the remodeling
site can be calculated using two approaches.
The first one is related to the cell population
dynamics that is governed by the interactions
between osteoblasts and osteoclasts through
the expression of several autocrine and
paracrine factors. This approach has been
described in detail, for example, in [7, 50].
The second one is a phenomenological
approach that is driven, for example, by the
strain energy density S as a mechanical
stimulus, and the variation in bone density
with time at the remodeling site can be
expressed as follows [51]

S 4
dt Sre

where S is a reference value of the strain
energy density , and k is the bone resorption
rate (or bone formation rate) that can be
defined in accordance with Fig. 9. Hence,
four phases of bone remodeling should be
considered [51]: (1) Resorption due to disuse,
if S<Sg;(2) Lazy zone, where bone mass is
kept constant (no resorption and no
formation), if S; <S <S; ;(3) Formation due
to strain stimulus dominated, if S <S<S; ;
and (4) Resorption due to damage healing, if
S>S§,.

(13),

dp
de

Stimulus (3)

[

-

Fig. 7. Bone adaptation model with four states of remodeling [51]

Modeling osteogenesis within a porous
titanium  implant is  necessary  for
understanding how the implant/biomaterial
interface with bone, translation of mechanical
to biological signals and treatment of
periprosthetic femur fractures after total hip
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arthroplasty with the use of LISS-plates and
screws for internal fixation may be controlled
in order to improve the fracture healing rate
and shorten treatment duration. Review of
such models was given in [52].
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Histological observations show
proliferation of mesenchymal stem cells into
a porous titanium implant [52]. In this regard,
diffusion model was used to describe
osteogenesis within a porous titanium
scaffold [52-54]. As known [55-57], the
diffusion of matter into a body can lead to
such phenomena as swelling and diffusion
induced stresses. Thus, the possibility of
these phenomena should therefore be taken
into consideration in biomechanical analysis
of bone reconstruction.

Total strains are assumed to be composed
of an elastic part, plastic part, swelling
induced part and a part due to creep. The
tensor of the swelling induced strain in the
scaffold can be written as follows

&g = A(C _Co)5k| )

where A is the biochemical expansion
coefficient, C is the concentration of
mesenchymal stem cells defined by Fick's
law [55-57], C,is the concentration of
mesenchymal stem cells at the reference state,
and O, is the Kronecker delta. The other
components of the strain tensor in bone and
implant are defined by Eqg. (11).

Software. The finite element method is a
powerful technique for stress analysis in the
case of the treatment of periprosthetic femur
fractures after total hip arthroplasty with the
use of LISS-plates and screws for internal
fixation [2, 3]. The impact of intraprosthetic
drilling on the stress distribution, as well as,
on the fracture risk of the femur has been
investigated using commercial software
package ANSYS. The effect of the prosthesis
material stiffness on the mechanical behavior
of femoral bone has been studied. For this
purpose, titanium alloy and cobalt-iron alloy
have been considered.

The finite element method was used in [5]
to evaluate the differences between retrograde
intramedullary nail and locking plate fixation
with/without a strut allograft. The finite
element study using ANSYS software gives
the possibility to analyze the optimum design
of the LISS femoral plate and determines how
the movement at the fracture site is
influenced by the preconditions of bone
healing. The contact behavior of the screw/
femur and screw/plate interfaces was set as
fully bonded to ensure the load transmission
from the bone to the implant.

(14),
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The effects of variations in plate
positioning on predicted fixation failure risk
was studied using commercial software
package ABAQUS [58]. In this way, different
clinical scenarios were investigated. It is
shown the dominant role of calcar screws
over others in reducing failure risk. It was
found that the locations, rather than the
average lengths of the screws, seem to be
more critical for fixation stability.

Note that all these studies [2, 3, 5, 58] are
based on the linear elastic behavior of bone,
implant, plate and screws. The materials were
assumed to be isotropic. Bone remodeling
and implant remodeling processes were not
considered.

The influence of microstructure on
reconstructed bone remodeling was studied in
[59, 60]. One-, two- and three-dimensional
simulations are presented using the COMSOL
software. Anisotropy, tension-compression
asymmetry, plasticity and creep were not
included in the modeling analysis.

Cortical long bone at the metaphyses
demonstrates the geometry of the thin shell
ranging in thickness from 0.1 to 0.2 mm [61].
In this regard, the nonlinear theory of thin
shells developed in [62, 63] can be used for
analysis of bone density, stress and damage
distributions over time in metaphyseal bone.
The in-house developed software takes into
account the tension-compression asymmetry,
anisotropy, heterogeneity, plasticity, creep
and damage development. In this way, the
theory of moderately thick shells [64, 65] can
be also considered. It is interesting to note
that the theory of thin shells was also used in
the bone remodeling analysis of diaphyseal
surfaces under torsion [66]. Additionally, it is
possible to check the assumption given by
Eg. (9) in the constitutive framework under
discussion comparing the experimental data
of microcracking around a circular hole in a
flat plate of bone under tensile loading [67]
with predictions based on the theory of
damage development in a thin plate of
arbitrary shape [68].

The geometric model, such as a thick-
walled hollow cylinder, has been applied for
the diaphyseal region of a long bone [69-71].
In this case, three-dimensional nonlinear
theory [72, 73] can be used with the in-house
developed software that takes into account
the anisotropy, tension-compression asym-
metry, heterogeneity, plasticity, creep and
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damage growth. The experimental data [74]
of stress relaxation in a thick-walled solid
cylinder of bone can be also compared with
the numerical predictions.

Constitutive models implemented into
ANSYS [55, 57] and ABAQUS [75] give the
possibility to reproduce the characteristic
features of bone and implant, and need to be
applied for analysis of bone density, stress
and damage distributions over time in bone
reconstruction. The practical recommend-
dations obtained in the simulations need to be
compared with the experimental data [76]
available for bone reconstructed with the use
of LISS-plates and screws for internal
fixation.

treatment or magnetic resonance
(tomographic) images may help to effectively
simulate the influences of treatment on the
mechanical behavior of femur.
MATERIALISE MIMICS software will be
used as the interface between computed
tomography images of the reconstructed bone
and ABAQUS (or ANSYS) software
package.

The outcome of the finite element analysis
will be how the implant/biomaterial interface
with bone, translation of mechanical to
biological signals and treatment of peripro-
sthetic femoral fractures after total hip
arthroplasty with the use of LISS-plates and
screws for internal fixation may be controlled

CONCLUSIONS

in order to improve the fracture healing rate
and shorten treatment duration.
The

three-dimensional finite element

model derived from the reconstruction of
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BIOMEXAHIYHUM AHAJII3 PI3HOOMIPHOCTI PO3TATY-CTUCKY, AHI3OTPOIIIT
TA HEOJJHOPIJTHOCTI PEKOHCTPYKIIII KICTKH B 3B'SI3KY
3 JIKYBAHHSAM NNEPUINTPOTE3HUX IMTEPEJIOMIB

3onouescokuii 0. 0., Mapmunenxo O. B.

BBenennsi. BiTHOBICHHS KiCTKHU Micis MEPIMPOTE3HOTO MEPEIOMY € KPHTHYHOIO POOIIEMOIO B OPTONEIil.

Merta. Takum 9UHOM, JOCTIHKEHHS 100 MONTYKY HOBHX MEIUYHUX PIIEHb € HEOOXITHUMH, OCOOIUBO B KOHTEKCT1
CTapiHHs HaceNneHHs Ykpaiuu. BaxiuBicTe OioMexaHiky, sika moB&#39;s3aHa i3 3aCTOCYBaHHSIM MIPUHIUIIB, KOHIEIIIH i
METO/IiB MEXaHIKM TBEPJIOro Tijla i PiIMHHU A0 Tijla JIIOJAMHU B PYCi i B CIIOKOI, aBHO BH3HAHA B SIKOCTi OCHOBH IS
MOJATBIINX EKCIICPHMEHTABHUX 1 TEOPETUUHHX JOCITIIKSHB 11010 TKAHHH CKeJleTa.

Marepiamn Tta Metomu. Pi3Hi acrmexkTH OiOMExaHIKM BHMAaralOTh BHKOPHCTAHHS PI3HHUX KOHIICTIH 1 METOMmiB
MEXaHIKH TBEPAOTO TiNa i piauHU. PemonenmoBaHHs BiIOYBAETHCS MPOTATOM YCHOTO JKUTTS KICTKH, TOMY IIed IMporec
MOXKHA PO3TJSIATH SIK OCHOBHHUU JETEpMiHAHT MEXaHIYHMX BIACTUBOCTEH KICTKM 1 IMIUTAHTy. biomexaHiuHUWiIl aHami3,
HaBEJICHUH Yy IIbOMY OTJISIIi, CTOCYETBCSl PO3YMIHHS TOTO, SIK MEXaHIYHI CUTHAJIM 1 MOJIEKYJISIPHI MEXaHI3MHU BIUIMBAIOTh Ha
JIKyBaHHS TEPIMPOTE3HNUX IIEPEIOMIB CTETHOBOI KICTKH IICJISI €HIOMPOTEe3YBaHHSA KYNBIIOBOro cyrioda, tumy Bl i C
BiAnoBiAHO 10 BankyBepchkoi kiacuikaiii, 3a JOMOMOro IUIACTHHM 3 MEHII IHBa3WBHOIO CHCTEMOIO crabimizarii
(LISS) i rBuHTIB-(iKCATOPIB.

PesyabraTi. Inentudikamis Takux mapameTpiB sK MeXaHiuHI BIACTHBOCTI KiCTKHM, TUTAHOBHX CIUIaBiB (TpoTe3
Ta30CTErHOBOrO Ccyrioba, mokputts, LISS-mimactuuu, rBuHTH) 1 iHTepdeiicy immiaHtar / GiomaTepian / KicTka Opu
MeXaHIYHOMY i 6i0XiMIYHOMY HaBaHTa)KeHHI, SIKi Qy>Ke BayKJIMBI JUIsl IPOTHO3YBAaHHS pe3yJIbTaTiB apTPOILIACTHKH, OyiH
eKCIIepPHMEHTAJILHO JTOCTI/PKEeHI 3 YpaXyBaHHSIM YIPYroIUIacTHYHOI AedopMarii, MOB3ydOCTi, BTOMH, a TaKOX PO3BUTKY
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NOIIKO/DKEHb B HaBeleHMX Marepianax. Cepex OCHOBHHX ocoOmmBocteil nedopmarii Oynnm mOCTIDKEHI acHMeTpis
PO3TATYBaHHS-CTUCHEHHS, aHI30TPOMis 1 HEONHOPIAHICTh MEXaHIYHMX BJIACTHBOCTEH. MM BUKOPHCTOBYBAIIM
TPHOXBUMIPDHY MOJENb KIHIEBUX €JIEMEHTIB, OTpPHMaHy B pe3ynbTaTi PEKOHCTPYKLIi MAarHiTHO-PE30HAHCHUX
(TomorpadidHnx) 300pakeHb i 300paXKeHb MIPOTATOM JIiKYBaHHSL.

BucHoBku. B pesynprari aHamisy 1i€i moaeni Oyno BCTaHOBJIICHO, IO TEMIIH JIIKYBaHHS MEPIIPOTE3HUX IEPEIoMiB
CTETHOBOI KiCTKH HiCIS TOTAJIBHOTO €HAOMPOTE3yBaHHS KyJIBIIOBOTO Cyriio0a 3 BUKOPUCTaHHAM miacTHH LISS 1 rBuHTIB
UL BHYTpImIHBOi (ikcamii MOXKHa KOHTpPOJIIOBAaTH 3a Jomomororo makera mnporpam ABAQUS (abo ANSYS) s
BIZATBOPEHHS XapaKTEPHUX OCOOJIIMBOCTEH KICTKH 1 IMIUIAHTY NPH PEKOHCTPYKIIi KICTOK 3 METOIO IiJIBUIIEHHS IIBHIKOCTI
3aro€HHs IepeioMy 1 CKOPOUSHHS TPUBAJIOCTI JIIKYBaHHS.

K/IIO490BI CJIOBA: nepunporesuuii mnepenoMm, LISS-mactuna, OiomexaHika, aHi30Tpomis,
HEO/IHOPITHICTh, PI3HOOIIPHICTH PO3TATY-CTHCKY
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BUOMEXAHUYECKHUIA AHAJIU3 PASHOCOITPOTUBJISAAEMOCTH PACTSIXKEHUIO-
CXKXATHUIO, AHU30TPOIIMM U HEOJHOPOJHOCTH PEKOHCTPYKIIMU KOCTH B CBA3U C
JIEYEHUEM INEPUITPOTE3HUX

3onouesckuit A. A., Mapmuinenko A. B.

BBenenne. BoccTaHOBIGHHE KOCTH IOCIE MEPUIPOTE3HOTO IMEpesioMa SBISETCA KPUTHYECKOH mpobieMol B
OpTOTIETNH.

Hens. Takum o00pa3oM, HCCIEIOBaHUS Ui HPENOCTABICHHS HOBBIX MEIUINHCKAX PEIICHUH SBISIOTCS
HEOOXOMMBIMH, OCOOCHHO B KOHTEKCTE CTApEHHs] HAceNIeHUsl Y KpauHbl. BakHOCTh OMOMEXaHHMKH, KOTOpas CBs3aHa C
NpUMEHEHHEM MPUHIUITOB, KOHLEMIUH 1 METOJOB MEXaHUKH TBEP/IOTO TEJa U KUIKOCTH K TEJly YeJIOBeKa B IBIKCHUH H
B TIOKO€, JJaBHO TIPH3HAHA B Ka4eCTBE OCHOBBI IJISI JATbHEHIINX SKCHEPUMEHTATBHBIX U TEOPETHUECKUX HCCIIEOBAHUH
KacaTeJIbHO TKaHeH CKeJeTa.

Martepuanbl U MeTo[bl. Pa3miyHbIe acleKTsl OMOMEXaHWKH TPeOYIOT HCIONB30BAaHMS PA3IUYHBIX KOHLEMIUH U
METOJIOB MEXaHHWKH TBEPJOTO Tella M XKHUAKOCTH. PeMozaenpoBanye MpoONCXOIUT B T€UEHHE BCEH KU3HH KOCTH, TOATOMY
9TOT MPOIECC MOXHO pacCMaTpHBaTh KAaK OCHOBHOHM JETEPMHHAHT MEXaHHYECKHMX CBOMCTB KOCTH M HMIUIAQHTATa.
buomexaHuveckuii aHanu3, MPUBEJCHHBIH B HACTOSIIEM 0030pe, KacaeTcsl IOHUMAaHHS TOT0, KaK MEXaHMYeCKHe CHIHAIIBI
U MOJISKYJSIDHBIE MEXaHM3Mbl BJIMSIOT Ha JIEYEHHE MEPHUIPOTE3HHX IEepelioMOB OEAPEeHHOH KOCTH mOocie
SHIOTNPOTE3UPOBaHKS Ta300eapeHHOro cycTtaBa, Tuna Bl u C cormacHo BaHkyBepckoil kiaccu(UKaiyu, ¢ MOMOIIBIO
TUIACTUHBI C MEHEE HHBA3UBHOM cucteMoii cradbmwmmsanun (LISS) u BuHTOB-(pHKCaTOPOB.

PesyabTathl. MnenTndukanms Takux mapaMeTpoB Kak MEXaHHYECKHE CBOWCTBA KOCTH, THTAHOBBIX CILIABOB (IIPOTE3
Ta300eIpeHHOTO CycTaBa, MOKphITHe, LISS-mmacTuHbl, BUHTH) W uWHTEepdelica MMIUTIaHTaT/OHoMarepran/ KOCTh TpH
MEXaHHYECKOM ¥ OHOXMMHYECKOM HArpy)KeHHH, KOTOpBIE OYEHb BaKHBI JUII HPOTHO3HPOBAHHS pE3yIbTATOB
apTPOIUIACTHKH, OBUIM JKCHEPUMEHTAIBHO HCCIEJOBaHBI C YYETOM YIPYTOIUIACTHYECKOW IedopMaiuu, MON3ydecTH,
YCTaJIOCTH, a TAKXKE Pa3BUTHE MOBPEXKICHUI B 00CYyXaaeMbIx MaTepuaiax. Cpenu OCHOBHBIX 0coOeHHOCTE# AedopMannu
OBLTH UCCJIIEAOBAHbI aCUMMETPUA PACTKCHUA-CKATHA, aHU30TPOIUA WU HECOAHOPOAHOCTh MEXaHHYCCKUX CBOMCTB. MBI
FCIIOJIB30BAIM  TPEXMEPHYIO MOJETb KOHEYHBIX JJIEMEHTOB, IOJNYYCHHYIO B Pe3yJbTare PEKOHCTPYKLHHM MAarHUTHO-
pe30HAHCHBIX (TOMOTpaduIecKnx) H300paKeHUH 1 N300paKEHUI B XOJIC JICICHUS.

BeiBoabl. B pesynbrate aHanmza 3Toi Moaenyu ObIIIO YCTAaHOBIJICHO, YTO TEMITHI JICYCHHUS TIEPUIPOTE3HBIX MIEPETIOMOB
OepeHHOH KOCTH IOCIIe TOTAJIBHOTO YHAONPOTE3UPOBAHUS Ta300€APEHHOTO CyCcTaBa ¢ HCIONIb30BaHueM IutactuH LISS n
BUHTOB JUISl BHYTPEHHEH (UKCAny MOKHO KOHTPOJIMPOBATH ¢ IToMomIbio makera nmporpaMMm ABAQUS (mmm ANSY'S) s
BOCIIPOM3BCACHHUA XapaKTECPHbBIX 0COOEHHOCTEH KOCTH M MMIUIaHTaTa Ipyu pEKOHCTPYKIUHN KOCTEH ¢ LECJIBI0 ITOBBIIICHUA
CKOPOCTH 32)KUBJICHUS IEPEIOMa M COKpAIIEHHS ITPOOIDKUTEILHOCTH JICUSHNS.

K/IFIOYEBBIE CJIOBA: nepunpore3nuii nepenom, LISS-ruiactuna, 6rnomexanuka, aHU30TpOMNus,
HEOJHOPOAHOCTh, Pa3HOCONPOTUBILIEMOCTh PACTAKEHHIO-CIKATHIO
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