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Background: Implantation is becoming more widespread in such areas of modern medicine as orthopedics
and traumatology. Due to the lack of an adequate substitute for natural bone, combined approaches are
used. For older patients, the problem is exacerbated by a decrease in bone mineral density. When choosing
a scheme for the surgical treatment of long bone fractures, preference is given to simple and maximally
sparing approaches. In this regard, the main task of osteosynthesis is to provide optimal mechanical
channels not only for the fracture healing process, but also to restore full functional capabilities in the future.
The paper considers the urgent task of optimizing and increasing the efficiency of planning rehabilitation
measures, including taking into account the individual characteristics of a particular patient, and the results
are of fundamental and applied importance.

Objectives: development of physical and mathematical models for modeling the stress-strain state of the
elements of the musculoskeletal system to optimize the planning of bone surgeries when installing implants.
Materials and methods. For the analysis, both specific clinical results and modern methods of computer
modeling and processing of results were used. The advantage of physical and mathematical models based
on the used finite element method is the possibility of optimizing the design of prostheses and reducing the
problems caused by osteopenia.

Results: To illustrate the proposed approach, a specific example of the treatment of a comminuted fracture
of the humerus in an elderly patient is considered. To describe the physicomechanical properties of bone
tissue, sets of standard data on the main characteristics of tissues and materials of implants such as elastic
modulus and Poisson's ratio were used. As the bone grows together, simultaneously with a decrease in
stresses, the difference between the stress on the entire structure and the stress on the bone decreases. This
indicates that the bone begins to take on an increasingly significant relative part of the load, which should
have a positive effect on its bone mineral density.

Conclusions: The advantages of modeling using the finite element method and by non-invasive modeling
of the work of the patient's musculoskeletal system with various variants of prostheses (implants) and the
choice of the most optimal one are shown. It was found that the use of the Von Mises stress-strain state as
a criterion for assessing the stress-strain state of the system gives effective assessments of the reliability of
the structure and its elements.

KEY WORDS: implants; fracture of the humerus; postoperative rehabilitation; von Mises stress; numerical
modeling.
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AxTyanabHicTh. IMIulanTanist HaOyBae Bce OLIBLIOTO MOLIMPEHHS B TAKUX 00JACTSIX Cy4acHOT MEIHIMHHY,
SIK OpPTOIIE/is 1 TPAaBMATOJIOTIs. 3BaXKalOUM Ha BIJICYTHICTh a/ICKBATHOTO 3aMiHHHMKA HaTYpaJbHOI KICTKH,
BUKOPUCTOBYIOTh KOMOiHOBaHI migxomu. s JiTHIX MAIi€HTIB MPOOJeMa MOCHITIOETHCS 3HIDKCHHSIM
MiHEpaJIbHOT MIUILHOCTI KiCTKOBOI TKaHWHHU. Ilpm BHOOpPI CXEMH ONEPAaTUBHOTO JIKYBaHHS MEPEIOMiB
JTIOBTHX KICTOK MepeBary BiJyIaloTh MPOCTUM i MAaKCUMAJIBHO IIATHUM TiaxoaM. Y 3B'SI3KY 3 IIMM OCHOBHE
3aBIaHHS OCTEOCHHTE3a MMOJIATA€E B 3a0€3MeYeHH] ONTHMAaIbHIX MEXaHIYHUX YMOB HE TUTBKH VIS TIPOLIECY
3pOIIYBaHHsI TIEpeJoMy, aje W U1 BITHOBJIIEHHS B TIOJAJBIIOMY TIOBHOIIIHHUX (YHKI[IOHATEHUX
MOXJIMBOCTeH. B po0OOTI po3risHyTa akTyalbHa 3alada ONTUMi3alii 1 MiABHIIEHHS e()EeKTUBHOCTI
IUIaHYyBaHHS pealimiTaliifHUX 3aX0/iB, B TOMY YHMCI 1 3 ypaxyBaHHSM IHAMBIAyaJbHUX OCOOJIMBOCTEH
KOHKPETHOTO natieHra. OTpuMaHi pe3yinbTaTu MaloTh (hyHAaMEHTaJIbHE i TPUKIIaHE 3HAYCHHSL.

Merta poGoTu: cTBOpeHHsS (i3MKO-MaTeMaTHYHUX MOJEJIeHd sl MOJCIIOBAHHA HAIPYXEHO-
e opMOBaHOTO CTaHy €JIEMEHTIB OIOPHO-PYXOBOTO anapaTy il ONTHMI3alil INIaHyBaHHS olepalii Ha
KICTKax MpH YCTaHOBL IMIUIAHTATIB.

Marepianu Ta meroan. /{11 aHanizy B poOOTI BUKOPHCTOBYBAJINCS K KOHKPETHI KJIiHIYHI pe3yJbTaTH,
Tak 1 CydacHi METOAW KOMITIOTEpHOTO MOJEIIOBaHHSA Ta OOpoOKH pe3ynbrariB. IlepeBaroro ¢iznuko-
MaTeMaTHYHUX MOJeNeil Ha OCHOBI BHKOPHUCTAHOTO METOAY CKIHYCHHHX EJIEMEHTIB € MOXIIUBICTH
ONTHMI3allil KOHCTPYKITil IPOTE3iB 1 3HIKEHHS MPoOIIeM, BUKIMKAHUX OCTEOIEHIETO.

PesyabTaT. Iy imocTparllii MpOOHOBAHOTO MMIXOAY PO3TIIIHYTO KOHKPETHHH TPUKIAJ JTIKyBaHHS
OCKOJIKOBOTO TIEpENIOMY IIJIEYOBOI KICTKM Yy JTHBOI mamieHTkH. [ ommcy (i3uKo-MeXaHIIHHUX
BIIACTMBOCTEH KICTKOBOi TKaHMHHM OYJIM BWKOPUCTaHI HAOOpPW CTaHIAPTHUX ITaHWX IIPO OCHOBHI
XapaKTEepUCTHKU TKaHMH 1 MaTepiajiB IMIUIAaHTATiB — MOJIYJIsSl NPY>KHOCTI 1 koediuienrta [lyaccona. Ilo
Mipi 3pOIIyBaHHs KiCTKH OJHOYACHO 31 3HM)KCHHSM HAaIpY>KeHb BiOYBAE€THCS 3MEHIICHHS PI3HULI MiX
HAaIpyroro Ha BCi KOHCTPYKLUIT 1 Hanpyroto Ha Kictui. Lle cBi4uTh Npo Te, 110 KiCTKa TOYMHAE PUMaTH
Ha ceOe aeaii OUIbIy BiIHOCHY YaCTHHY HABaHTAXKCHHS, 1110 Ma€ IIO3UTUBHO BIUIMBATH Ha 1l MiHEpaJIbHY
NIUTBHICTB.

BucnoBku. IlokasaHo mnepeBarn MOJEIIOBAHHS i3 3aJy4EHHSM METONY KiHIEBHX €JIEMEHTIB 1 IIIIXOM
HEIHBa3MBHOT'O MOJICITIOBAaHHS POOOTH OMMOPHO-PYXOBOI CUCTEMH TAIliEHTA 3 PI3HUMH BapiaHTaMU MPOTE3iB
(iMmruranTaTiB) i BUOiIp HAHOUIBII ONMTHMAILHOTO 3 HUX. BCTAaHOBIEHO, IO BUKOPHCTAHHS B SIKOCTI
KPUTEPIIO OIIHKH HAIPYXEHO-Ie(POPMOBAHOT'O CTAHY CHCTEMH IMIUIAHTAT-KiCTKa HAPyTH 1Mo Mi3ecy nae
e(eKTHBHI OIIHKHA HAAIIHOCTI POOOTH KOHCTPYKIIii i 11 €JIEeMEHTIB.

KJUIFOYOBI CJIOBA: imMmiaHTaTy; IeperioM IUIeY0BOi KICTKH; Mmicisomnepatiiina peabiiitauis; Hanpyru no Misecy;
YHUCCIIBbHC MOJICIOBAHHA.
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AKTyabHOCTB. VIMITaHTaIUs IOAYYaeT BCe OOJIBIICE PACIPOCTPAHCHHE B TAKHX 00JIACTSIX COBPEMEHHOM
MEIHINHEI, KaK OPTOTICANS U TPAaBMATOJIOTHS. BBUy OTCYTCTBUS a/IeKBaTHOTO 3aMEHHTEIIS HATYPAIbHON
KOCTH, WCIOJB3YIOT KOMOMHHPOBAHHBIE MOAXOABI. /I MOXKWIBIX MAalMeHTOB MpodiieMa yCcyryomseTcs
CHIDKEHHEM MHHEPaJbHON IUTOTHOCTH KOCTHOW TKaHW. llpm BBIOOpE CXEMBI OIEPATHBHOTO JICUCHHS
MIePeIOMOB JIIMHHBIX KOCTEH MpeanovYTeHNne OTHAI0T MPOCTHIM M MaKCHUMaJIbHO IMAaIsAMuM Hoaxonam. B
STOW CBS3M OCHOBHAs 3ajjada OCTEOCHHTE3a COCTOMT B OOECHCUCHHHM ONTHMAIBHBIX MEXaHHYECKHUX
YCIIOBUH HE TOJIKO AJISl TMpoliecca CpallMBaHusl MepejoMa, HO M Ui BOCCTAHOBJICHUS B JalbHEWIIEM
MOJHOICHHBIX  (DYHKIIMOHAJIBGHBIX BO3MOXHOCTEH. B paboTre paccMoTpeHa akTyalbHas 3ajava
ONTUMU3AIMY U TOBBIIICHUS d(PCKTUBHOCTH [UTAHUPOBAHHS PCAOMIUTALIMOHHBIX MEPOIIPHUATHH, B TOM
YHUCIIC ¥ C YYETOM HMHIMBHIYaJbHBIX OCOOCHHOCTEH KOHKPETHOTO manueHTa. [lomydeHHBIC pe3yabTaThl
UMCIOT (DYHIAMCHTAIBHOC U TPUKIIATHOC 3HAUCHHE.
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Heap paborsl: cozmanne (QU3NKO-MAaTEMATHYECKUX MOJeNeH JIs MOICNUPOBAaHHSA HAMPSDKECHHO-
ne(OPMHUPOBAHHOTO COCTOSHHS DJIEMEHTOB OIIOPHO-IBHTATEIBHOTO ammapaTa s ONTHMHU3AINH
IUTAHUPOBAHMSI ONIEPALIMN HA KOCTH IIPU YCTAHOBKE UMILIAHTATOB.

Martepuaiabl u Metoabl. /i1 aHanu3a B pabOTE KCIOJB30BAINCH KaK KOHKPETHBIC KIMHHYCCKHUEC
pe3yIbTaThl, TAK U COBPEMEHHBIC METOJbI KOMIBIOTCPHOIO MOJICIIMPOBAHHUS U 00pPaOOTKU PE3yJIbTaTOB.
[IpenmyiecTBOM (HU3NKO-MATEMATHUCCKUX MOJIEICH HAa OCHOBE KCIIOJNB30BAHHOTO METOJA KOHCYHBIX
JJICMEHTOB SIBIISICTCS BO3MOXHOCTh ONTHMHU3AaLUU KOHCTPYKIMH MPOTE30B M CHIDKCHHE MPOOIEM,
BBI3BAHHBIX OCTEOTICHHEH.

PesyabraTsl. s wuocTpauuy mpeagaraeéMoro mnojaxojaa pacCMOTPEH KOHKPETHBIM MpuMep JIeUeHHs!
OCKOJIBYATOTO TIepesIoMa IUICYCBOM KOCTH Y MOXKMIION MAIeHTKU. [t omrcanus (GpU3NKO-MEXaHNIECKUX
CBOWCTB KOCTHOW TKaHM OBIIM WCHOJB30BAHBI HAOOPHI CTAaHAAPTHBIX JAHHBIX 00 OCHOBHBIX
XapaKTepUCTHKAX TKaHEH M MaTepHalloB MIMIDIAHTATOB — MOIYJIA YIpyroctu u kod¢¢urmenta Ilyaccona.
Ilo mepe cpamuBaHus KOCTH OJHOBPEMEHHO CO CHW)KEHHEM HANpSHKEHUH MPOUCXOOUT YMEHbLIECHUE
Pa3HUIBI MEXTy HAPSHKCHUEM Ha BCEH KOHCTPYKIWHU M HAIPSHKCHUEM Ha KOCTH. DTO CBHACTEIBCTBYET O
TOM, 4TO KOCTh HAUMHACT IPUHIUMATH Ha ceOsl Bce 00JIee 3HAUUTEIILHYI0 OTHOCHUTEIILHYIO YacTh HATPY3KHY,
YTO JOJDKHO ITO3UTHUBHO BIIUATH HA €€ MUHEPAIBHYIO INIOTHOCT.

BoiBoabl. [TokazaHbl penMyIIecTBa MOACTUPOBAHUS C MPUBJICUEHUEM METOJAa KOHEUHBIX JJIEMEHTOB U
MyTEM HEMHBAa3HMBHOTO MOJICITUPOBAHUS PAOOTHI OIOPHO-ABUTAaTSILHON CUCTEMBI MAIUCHTA C PA3INIHBIMU
BapHaHTaMH IPOTE30B (MMILIAHTATOB) U BBIOOP HamOOJIee ONTUMAIBHOTO M3 HUX. YCTAaHOBICHO, YTO
UCITIOJI30BAHUE B KAYCCTBE KPUTEPHS OLCHKU HAMPSDKCHHO-IC(POPMHUPOBAHHOTO COCTOSHUS CHUCTEMBI
UMIUTAHTAT-KOCTh HAPsDKEHUS 10 Mu3ecy naet 3¢ eKTHBHBIE OLIEHKH HAaIe)KHOCTH PaOOTHI KOHCTPYKIHH
U €€ DJIIEMEHTOB.

KJIFOYEBBIE CJIOBA: nMIUIaHTAThL; IEPEIOM IJICYEBOI KOCTH; OCICONEPALIIOHHAS PEaOUINTALNSA; HAPSIKCHUS
1o Musecy; YMCIEHHOE MOJCIMPOBAHHUE.

One of the features of the modern stage of scientific progress is the development of new
methods that are located at the junction of various fields of knowledge. Despite the fact that
biophysics itself is at the intersection of biology and physics, new directions are also emerging
within this area of knowledge. They rely on the one hand on existing treatment technologies
related to the placement of implants, and on the other hand on the widely used Computer Aided
Engineering (CAE) systems. Significant advances in the implementation of existing
technologies have been achieved in such areas as dentistry [1], as well as traumatology and
orthopedics [2, 3]. At the same time, works related to orthopedics and traumatology can be
conditionally divided into two main areas. The first area includes [2], where the authors analyze
“the experience of treating 140 victims in the trauma department of the Kharkiv Regional
Clinical Trauma Hospital. Treatment of patients with fractures of the tibia, humerus and femur
was carried out by the method of blocking intramedullary osteosynthesis (BIOS), various rods
and navigation systems from different manufacturers. The errors and complications
characteristic of this technique are analyzed, the reasons and the ways of their prevention are
indicated”.

However, with this approach, in fact, only fait accompli facts are stated, and only a
probabilistic assessment of possible consequences is given. But each individual patient, first of
all, is interested in the result in his case. Therefore, for successful prediction, methods of data
analysis and the results of calculations of the operation of the entire implant-bone system are
required. The problem in this formulation of the problem belongs to the second direction. The
main task is to calculate the strength of the "implant-bone" system. The task itself depends on
the specifics of the means used. For example, when using a lockable Bliskunov fixator, it is
necessary to study the stress-strain state of the osteosynthesis system, which was done in [3].
The authors note that to study the stress-strain state (SSS) of mechanical orthopedic structures,
both analytical or numerical calculations and full-scale or model experiments can be used. The
term "analytical calculations" in mathematical physics usually combines methods and
algorithms that allow one to obtain a solution in a closed form with any predetermined accuracy.
In practice, the application of these methods is usually limited to problems with a fairly simple
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geometry, boundary conditions, and loads (sources). In a clinical setting, carrying out field
experiments using metal osteosynthesis, which requires the use of special load and deformation
sensors, is an extremely difficult and expensive task. But the main thing is that carrying out
such model experiments requires additional substantiation of the adequacy of the results
obtained to the basic models [3]. Unlike analytical methods, numerically oriented methods for
studying the stress-strain state of mechanical systems do not have such severe restrictions. They
make it possible to vary the geometric parameters of structural elements and the physical and
mechanical properties of materials over a wide range. Continuous progress in the field of
computing also contributes to the increasing application of mathematical modeling methods in
various fields of science. The most popular for solving problems of mathematical modeling
(including problems of biomechanics, orthopedics and traumatology) is the finite element
method [4-10]. This method was used to study the behavior of the humerus [3] and hip joints
(Femoral Stems) [4], the problems of bone strength [5], simulate the augmentation of the hip
bone (femoral bone augmentation) [6], study the features of treatment of Bennett's fractures [7],
mechanical properties of the vertebrae [8] and the proximal femur [9]. A more detailed review
of the features of the use of finite element method — FEM in solving problems of biomechanics
and orthopedic surgery is given in [10].

Summarizing the results obtained, it should be noted that, despite a significant number of
works devoted to the problems of biomechanics and traumatology, many important problems
have not yet been studied in detail. In particular, as noted in [ 11-13], a decrease in bone mineral
density (BMD) after 70 years leads to profound changes in the mechanical properties of bone
tissue. There is a direct relationship between the modulus of elasticity, which characterizes the
stiffness of a material, and the ultimate strength with age. It is assumed that the change in the
biomechanical properties of bone with age is associated not only with a decrease in BMD, but
also with a qualitative change in collagen, bone binder - mucopolysaccharides, and structural
changes in the bone. This requires, in particular, additional study of the effect of changes in the
characteristics of materials (primarily the modulus of elasticity) on the operation of the bone-
implant structure. Another important issue is the criteria for assessing the stress-strain state and
limit states of a structure with an implant. Currently, there are four criteria (hypotheses) of
strength in mechanics. When using them, to obtain reliable simulation results, an appropriate
experimental or theoretical justification is required. For example, in [3], when analyzing the
operation of the osteosynthesis system of the humerus, a criterion for maximum tensile or
compressive stresses was adopted, corresponding to the so-called first hypothesis of strength
[13]. On the other hand, as is known [15], the first hypothesis (criterion) reflects the engineering
ideas of strength calculations, proposed by G. Galileo and used for simple systems until the end
of the 19th century. At present, the so-called fourth (energy) hypothesis of strength has received
the widest application [16]. However, its use requires, first of all, an appropriate analysis.

Therefore, the purpose of this work is to create computer aided engineering (CAE) models
for analyzing the operation of implants and subsequent prediction of the results of surgical
treatment of limb fractures, as well as optimization of rehabilitation activities.

The main objectives of the article:

— to show the fundamental possibility of using the relatively simple CAE models for
calculating loads at different stages of rehabilitation, especially for elderly patients;

— to demonstrate the change in the distribution of stresses in the bones at different values
of the parameters and to identify the most characteristic patterns;

— to carry out a comparative analysis of various criteria (hypotheses) of strength and
substantiate the choice of the most adequate and universal of them;

— outline the ways for further research in this area to reduce trauma during surgery and
shorten the rehabilitation period by optimizing the shape of the implants.
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PROBLEM STATEMENT AND METHOD OF SOLUTION

General remarks

Research in various fields of orthopedic surgery and traumatology requires a methodology
that makes it possible to reproduce (simulate) different situations [4—7]. This methodology can
be used to study the biomechanics of the musculoskeletal system both in healthy people and in
patients with pathological abnormalities, as well as for modeling various prostheses and implants.
The main task of modeling is to predict changes in the distribution of stresses around the zones
of implantation, which should prevent incorrect placement of implants and accelerate
rehabilitation. An important advantage of physical and mathematical models based on FEM is
also the possibility of optimizing the design of prostheses and implants to minimize problems
caused by such phenomena as stress-shielding or osteopenia.

To clarify the essence of the work, first of all, we note that modern biomechanics, when
solving specific problems, relies on the corresponding models - physical and mathematical.
Physical models, i.e. sets of corresponding simplifications (when insignificant characteristics,
for example, the color of a sample when calculating the strength) are discarded, and only the
most important ones remain. Mathematical models based on physical models are, generally
speaking, a set of equations and additional conditions — initial and boundary. Then the problem
is solved using computational methods, algorithms based on them, and appropriate software.
Such the most modern and versatile software is modern computer aided engineering (CAE)
systems, which were mentioned above. They consist of two main components - the actual
computing part intended for calculations and the interface for displaying data. Recently, for the
input of initial data (geometry), software has been connected to process the data of diagnostic
equipment (3D tomograph, ultrasound). Therefore, in accordance with the logic of research, let
us first consider a mathematical model.

Basic equations and additional conditions

Within the framework of CAE systems, the FEM Finite element method is most often used
for strength calculations [15-21]. This method is based on the equations of the theory of
elasticity. In the simplest one-dimensional case, this is Hooke's law, which relates strain & to

stress O by a linear relationship of the form:
o=FE-¢, (1)
where: £ — coefficient of proportion, called the longitudinal modulus of elasticity (Young's
modulus). We emphasize that in various literary sources devoted to the problems of mechanics,
not only different systems of units are often used, but also different designations for quantities
identical from a physical point of view. Therefore, in order to achieve clarity in the presentation
of further material, we first give some specific definitions regarding the main quantities used.
In the most general case, the body under consideration is divided into a set of elementary
volumes (most often cubic) and the values of normal (o ,0,,0.) and tangential (

T .,7.,7.,T.,T, ,T_) stresses are written on their faces — only 9 values. However, by

yx2 Yzy? Yzxd “xy? "yz?

virtue of the law of pairing of tangential stresses, which is formulated as:
T =T ,7T, =T _,T_ =T (2)

yx xy 2 zy yz2 U zx

only six quantities are independent— o, 0,0, and 7, 7_, 7_ . Since tension/compression

yx2 Yzy? Yzx

along one of the axes (even in the case of a homogeneous isotropic material) changes the
dimensions along the other two axes, one more parameter must be introduced to describe the
properties of the material — the lateral compression ratio vV or Poisson's ratio. In addition to

tensile / compressive deformations and (corresponding stresses), there are deformations and,
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accordingly, shear stresses. Tangential strains and the corresponding stresses are also related
by a constant G called the shear modulus or shear modulus. However, there is a relationship
between the shear modulus G and Young's modulus £ and Poisson's ratio v, defined by the
relationship:

E
G=—-— 3)
2-(1+v)
Thus, for a complete description of the elastic properties of homogeneous isotropic
materials, two constants are sufficient — Young's modulus £ and Poisson's ratio v . Then the
general relations can be written in the form:

o, = £ e +3—C o ¢ =—E ;
T T % T 1)
E v E
= ¢ POy - & . (4)
ST T ) T )
E

1%
= 3. oo = .
7T 1) T T T 1)
where: o, — average stress [14, 22].

A set of additional conditions must be added to the basic equations and sources (load) must
be specified. Additional conditions include boundary conditions that restrict displacements on
specified surfaces or lines and, in the presence of internal boundaries, boundary conditions
(contact conditions). To go from the microscopic level (equations for one finite element) to the
macroscopic level (the entire body or structure under consideration) it is necessary to take into
account the connections at the nodes of various elements. One also needs to take the form of an
approximating function to describe the distribution of the solution in the area of the element itself
or on its face, edge. These operations within the framework of modern CAE systems are
performed in a semi-automatic mode or by software using an appropriate program — a grid
generator [23]. As a result, from a mathematical point of view, the problem is reduced to the
formation of a system of linear algebraic equations (SLAE) and its solution. The number of
equations is equal to the number of unknowns and is determined by the number of elements. In a
compact operator form, the resulting SLAE can be written as follows:

AX =B, (5)
where: 4 — matrix operator (square matrix of known coefficients), B column vector of the
right-hand sides (with known elements, usually corresponding to sources/load), X — vector
column of unknown (to be determined) coefficients. After solving the SLAE, using certain
numerical values of the coefficients, displacements and other required quantities are found:
normal and tangential stresses on specified surfaces or lines, relative deformations and other
quantities. If necessary, the received data is displayed in graphical mode using the program
interface. The results of SSS calculations obtained in this way are the initial data for subsequent
processing and interpretation within the framework of the main theoretical problem posed —
to demonstrate the change in the stress distribution in the bones at different values of the
parameters and to identify the most characteristic patterns. To solve practical problems related
to the optimization of operational and rehabilitation measures, it is necessary to make a
reasonable choice of criteria.

Strength criteria (hypotheses) [14, 15].
The point of introducing strength hypotheses is that they eliminate the need for a huge
number of experiments [14, 15]. One or another criterion of equivalence serves as the basis for
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practical strength calculations only under the condition that for a number of special cases the
results of its experimental verification turned out to be sufficiently close to theoretical
calculations or numerical simulation [26]. The reasons for the destruction of materials are
complex physical processes, both at the macroscopic and microscopic levels. This does not
allow until now to develop a universal and simple hypothesis of strength and therefore there are
used several basic hypotheses. It is important that all of them are based on the concept of a
dimensionless (having no physical dimension) safety factor £ as a ratio of the actual value of

a certain parameter, for example, tensile stress, which we will supply with the index (1) to

(1

emphasize its relation to the first hypothesis — Gsl to the maximum possible value of the same

. The limit value o

s,lim

parameter o,

s lim must be preset.

To make an informed decision on the choice of the strength hypothesis, it is necessary to
carry out a physical analysis of their features. The first hypothesis of strength, proposed by
Galileo, which was already mentioned above, is based on the assumption that the cause of
material failure is the highest normal stresses in absolute value. The condition for the strength
of the material (structure) in this case is the requirement that the safety factor be less than one:

(1)
=2 <. 6)
O lim

The main disadvantage of this hypothesis is that the determination of the equivalent stress
does not take into account the other two principal stresses. For example, under all-round
compression, the material can withstand significantly higher stresses than under uniaxial
compression.

The second hypothesis of strength or the hypothesis of the greatest linear deformations
proposed by Mariotte and then developed by Saint-Venant proceeds from the assumption that
the greatest linear deformations are the cause of failure. Within the framework of this approach,

the equivalent stresses are first calculated by the formula:

2 _

o) =0,-v-(o,+0, )S‘O'ﬁm , (7)
where: o, 0,, 0;, 0}, — three main and maximum permissible stress, respectively. Or,
which is equivalent (taking into account the above notation):

1
glzf-(og—v-(az—kog ))S‘ghm‘. (8)

The second hypothesis, as follows from (8), takes into account all three main stresses.
Nevertheless, it is not sufficiently confirmed by experience and is rarely used.

The third hypothesis, or the hypothesis of the greatest shear stresses, was proposed by
Coulomb and developed by Saint-Venant. In accordance with this hypothesis, the greatest shear
stresses are the cause of material failure. The third strength hypothesis is based on the condition:

O-e(;) =0,-0;< ‘O-lim ‘ )]
The main disadvantage of the third hypothesis is that it does not take into account the
second principal stress and gives an acceptable accuracy (10—15%) only for plastic materials.
The fourth hypothesis of strength or energy is based on the amount of specific potential
energy spent on changing the shape before the onset of the limiting state. In the most general
case, the total specific potential energy of deformation of a unit cube can be represented as the
sum of the energy spent on changing the volume (tension / compression) and changing its shape.
In this case, the corresponding limiting state condition looks like this:

0'6(3) = \/%[(Gl -0, )2 +(O'2 -0, )2 +(0'3 -0, )2} < |c7hm | (10)
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It goes without saying that for each material it is necessary to preliminarily determine the
numerical value of the stress limit — o, .. However, the main applied advantage of this

hypothesis is the possibility of its application for the tasks of comparative analysis of various
structures and modes of their operation on the basis of an energy assessment in the absence of
accurate data on the values of limiting stresses or strains. This is due to the fact that it is the
potential energy in static problems that is the source of destruction of a material or structure.
Therefore, as a criterion for assessing the stress-strain state of the implant — bone structure,
we will choose the fourth hypothesis of strength and the quantitative criterion of the stress value
according to von Mises (10).

RESULTS AND DISCUSSION
To illustrate the proposed approach, let us consider an example of treatment of a
comminuted fracture of the humerus in an elderly patient, which occurred on December 31,
2013 as aresult of a fall (Fig. 1, a). An attempt to use an orthosis for setting the fragments and
fixing them for 7 weeks did not give any result (Fig. 1, b).

s

Fig. 1. X-Ray picture of the right humerus.

As a result, a decision was made on the need for surgical treatment, open reduction of
fragments and extramedullary osteosynthesis of the right humerus, which was carried out on
06.03.2014 (Fig. 2, a).

CAE model and parameter selection

When carrying out calculations, we used the ANSYS Mechanical Software Suite. As
mentioned above, the concept of a CAE model implies a set of geometric elements together
with a set of physical and mechanical properties of materials and connections (contact
conditions) between individual elements. At the subsequent stages, a mesh of nodes (vertices)
of elements is formed, and displacements, deformations and stresses are calculated. In this case,
the modeling task is to analyze the distribution of stresses in order, on the one hand, to ensure
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reliable bone fusion at the fracture site, and on the other hand, to optimize the further load on
the bone in order to reduce the immobilization time as much as possible and, as a consequence,
prevent a decrease in bone mineral density (BMD) tissue (osteopenia). In the case of
intramedullary osteosynthesis, posttraumatic osteopenia of tubular bones was studied in [17].
However, extramedullary osteosynthesis (external fixation) differs from intramedullary both in
the duration of immobilization and in the distribution of loads due to the asymmetry of the
structure. When carrying out calculations, it is natural to strive to use the most adequate model.
However, the approximation of a model to reality often leads to its complication and, in many
cases, even to a loss of accuracy due to the accumulation of round-off errors when performing
arithmetic operations on a computer. Therefore, a relatively simple model from the point of
view of geometry was created for modeling (Fig. 2, b, c).

a b
Fig. 2. X-ray picture of the right humerus after surgery (a), diagrams of the bone with an implant (b, c).

The next task is to assign numeric values to parameters. To describe the physical and
mechanical properties of bone tissue, standard data on the main characteristics of tissues and
materials of implants - elastic modulus (Young's modulus) — E and Poisson's ratio — v are
used. Papers [24, 25] are devoted to the determination of these parameters and the analysis of
the results obtained. Naturally, the values of these parameters can vary depending on many
factors — age, energy intensity of the injury, individual characteristics, diet, etc. Therefore,
Table 1 presents not the exact values of the parameters, but their averaged values according to
[16, 18-20, 24, 25] or the boundaries of the change in characteristics.

The values from Table 1 were used as a basis for modeling bone stress with an implant. To
carry out numerical calculations, it is necessary to specify the boundary conditions and the load.
In this case, the boundary conditions (fixation) were set in the lower section (by area), and the
load (compressive 0.6 MPa is standard for some technical applications, on two circular sections
with a diameter of 0.6 cm. each. It is equivalent to a force of 3.4 kg) is applied to the articular
head (caput humeri) and to the larger apophysis (tuberculum majus). The main goal of
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computational experiments is to simulate the distribution of loads during rehabilitation at
various values of the parameters (first of all, Young's modulus). Some calculation results are
shown in Fig. 3-6.

Table 1. The values of the parameters used according to the data from [16, 18-20, 24, 25].

Tissue (material) | E (MPa) | Load direction v Tensile strength | Compressive
(MPa) strength
(MPa)
Brachial bone 17200 longitudinal 0.30 30 132
Spoke-bone 18600 longitudinal | 0.30 149 114
(radius)
Elbow bone 18000 longitudinal | 0.30 148 117
Spongy bone 90-959 longitudinal | 0.12 — 23
Bone marrow 1 — 0.30
Hip 17200 longitudinal | 0.30 121 167
Tibia 18100 longitudinal 0.30 140 159
Fibula 18600 longitudinal | 0.30 146 129
Cervical 230 longitudinal H.I. 3.1 10
vertebrae
Lumbar vertebrae | 160 longitudinal H.J. 3.7 5
Cortical layer 20000 longitudinal 0.30 90 150
Forged titanium | 110000 — 0.33 - -
alloy (T1 6Al-
4V)
Alloy TMZF 74000— — 0.33 — -
85000

When installing implants, it becomes necessary to calculate the permissible loads at
different stages of rehabilitation. As can be seen from the above figures, at the early stage of
rehabilitation (Fig. 3, a.)

The entire load (bright zone) is taken by the implant. as the bone fragments grow together,
the load begins to be distributed more and more evenly (fig. 3, b) and at the end the stress
distribution becomes almost completely uniform (fig. 3, c¢). Thus, (fig. 3, c) clearly
demonstrates the achievement of one of the goals — minimization of maximum stresses and
their almost uniform distribution throughout the structure. Concrete values of stresses should
be used to determine the maximum permissible loads at each stage of rehabilitation. The
illustrations of the simulation results when solving this problem are shown in fig. 4-6. Fig. 4
illustrates the dependence of the first principal stress (maximum compressive or tensile) for the
entire structure and separately for bone tissue, depending on young's modulus at the fracture
site, i.e. in fact, it illustrates the process of rehabilitation under various conditions (BMD values,
qualitative changes in collagen and the associated young's modulus) of the entire bone. Analysis
of these graphs shows that an increase in the strength (young's modulus) of bone tissue leads to
a more even distribution of the load and a decrease in maximum stress. In addition, the implant
takes on a significant part of the load at the initial stages of rehabilitation, and the load on the
bone itself is correspondingly reduced. As the bone grows together, simultaneously with a
decrease in stresses, the difference between the stress on the entire structure and the stress on the
bone decreases. this indicates that the bone begins to take on an increasingly significant relative
part of the load, which should positively affect its BMD (reducing the risk of osteopenia).



17
Numerical modeling of implant surgery and rehabilitation of humerus bone fractures...

a b c
Fig. 3. Distribution of stresses (von Mises) at different values of young's modulus in the fracture area:
a) bone 0.1 MPa max 19.5 MPa, b) bone 50 MPa max 1.48 MPa, c¢) 3000 MPa max 0.89 MPa.
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Fig. 4. Maximum values of the first principal stress for the entire structure (1-3) at different values of the

Young's modulus of bone tissue and for bone tissue at the maximum value of E, depending on the Young's
modulus of bone tissue at the fracture site.

Fig. 5-6 shows the maximum von Mises stresses (1), the maximum values of the first
principal stress for the entire structure (2) and the same stress, but only for the bone (3),
depending on the strength of the tissue at the fracture site (Young's modulus) at different BMD
(values of Young's modulus) of the entire bone. The results obtained confirm the correctness of
the choice of the criterion — von Mises stresses, since it is these stresses that have the maximum
values. Also important is the result of significantly lower stresses in the bone compared to the
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maximum stresses in the entire structure. Moreover, the difference between these values is
smaller for large values of strength (Young's modulus) of the bone itself. In other words, for a
bone with a higher BMD (Young's modulus), a more uniform distribution of stresses occurs.
From a physical point of view, this is quite natural.
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Fig. 5. Maximum values of von Mises stresses (1), the first principal stress for the entire structure (2) and the
first principal stress only for the bone (3), depending on the Young's modulus of the fracture site. Young's

modulus of the bone is 5000 MPa.
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Fig. 6. Maximum values of von Mises stresses (1), the first principal stress for the entire structure (2) and
the first principal stress only for the bone (3), depending on Young's modulus of the fracture site. Young's

modulus of the bone is 17000 MPa.

Finally, we note that the calculations performed showed a significant increase in the safety
factor after implant placement for all values of the Young's modulus of the bone after rehabilitation.
In the initial stages, this is achieved due to the fact that the implant takes on the main load (Fig. 3,
a), and then more and more even distribution of the load occurs, which ultimately significantly
reduces the risk of recurrent fractures. In conclusion, we note that in this work only relatively simple
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ones are considered, both from the point of view of geometry and from the point of view of physic-
mechanical characteristics of materials (homogeneous isotropic materials). The authors hope to
present the results of the analysis of more complex structures and a comparative analysis of various
technologies for installing implants in future works.

CONCLUSION

The models developed by CAE for studying the stress-strain state of the elements of the
musculoskeletal system using the example of the humerus with an implant have shown their
efficiency and effectiveness.

The key advantage of FEM modeling is the ability to perform multiple non-invasive
modeling of the patient's musculoskeletal system with various variants of prostheses (implants)
and the choice of the most optimal one. This primarily relates to the problems of optimal
planning of bone surgeries associated with the placement of implants.

It has been established that the use of an implant — bone stress according to Mises as a
criterion for assessing the stress-strain state of the structure makes it possible to obtain, from
the point of view of mechanics, effective assessments of the reliability of the work, both of the
entire structure and of its elements separately.

As a result of computational experiments carried out using the developed models, the
features of the operation of structures with various mechanical properties have been
investigated. As a result, the possibility of effective planning of rehabilitation measures was
established, both taking into account the general strength characteristics of artificial materials,
and taking into account the individual characteristics of a particular patient.

As directions for further research, further improvement (complication) of both the
geometric parameters of the models and the physical and mechanical characteristics of materials
is proposed.
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