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The prospects of the method of endo-exo-prosthetics of lost
limbs, the basis of which is the interaction of the patient with
the prosthesis through an implant connected to the stump bone,
largely depends on ensuring the durability of the functioning
of the stump bone, the implant and their connection. This article
presents the method and analysis of deformations in the biome-
chanical system "bone-implant-prosthesis", an assessment of the
mechanical condition of the specified objects of study is given.
Purpose. To develop an adequate model of the "bone-implant-
prosthesis" system and to conduct a computational analysis
of deformation in order to predict the strength of the elements.
Methods. The finite element method is chosen as the numeri-
cal method of analysis. Particular attention is paid to the simu-
lation of contact interaction, taking into account dry friction.
The coefficient of friction (adhesion) varied in the calculations,
thus simulating different degrees of osseointegration. Results.
The obtained distributions of the main characteristics of the de-
formation process made it possible to find out that under the
considered loading conditions, the strength of the bone and im-
plant is preserved. Conclusions: From the point of view of me-
chanical behavior, both intramedullary and extramedullary im-
plants maintain bone strength and ensure the performance of the
prosthesis.

[epcnexmugnicms mMemody eHO0-eK30-npome3sy6ants empaye-
HUX KIHYIBOK, OCHOBOIO K020 € 83a€M0O0is nayichma 3 npome-
30M yepe3 iMnIAHMAM, 3 €OHAHUL 3 KICMKOIO KYKCU, 3HAUHOIO
MipoIo 3anedcums 6io0 3abe3neuenis 0068208i4HOCMI  QYHKYIO-
HYBAHHA. KiCMKU KYKCU, IMNIanmama ma ixHb020 3 €OHAMHA.
Haseoeno memoouxy u aunaniz degopmayii 6 biomexaniyHii
cucmemi «Kicmka = iMniaHmam — npome3sy, GUEUEHO NOKA3-
HUKU Mexaniyno2co cmamy yux o6 'exkmis docniodcenns. Mema.
Cmeopumu pospaxynkogy cxemy Oiomexaniunoi cucmemu
«KICMKA — IMRIGHMAm — npome3sy i3 IHmpameOVisapHuM ma exc-
MpameoyIapHUM iIMRAAHMAMAMY MA NPOAHAnizyeamu oeghop-
MYBAHHS 30 PIZHUX CIMYNEHI8 KOHMAKMY IMIAAHMAmMA i KiCmku
3G PAXYHOK 8apilo8anns 3nHavenHs Koediyicnma mepms (a6o
aoeesii) mixc numu. Memoou. Mamepianom 0ocniodicents no-
CIYIUCUB AHANI3 PeNleGAHMHOL Jimepamypu 6 Cneyianizo8aHux
Odorcepenax 3a ocmanni 10 pokie. HucenvHum memooom ananizy
obpano memoo crinuennux enemenmis. Hasanmaosicenns mo-
Odeni cucmemu «Kicmka — iMRIAHMAam — npomesy 30ilCHI08AIU
3a ymogu Oii cun no ii 6iomexaniunii oci. Ocobausy ysaey npu-
OiIeHO MOOeNOBAHHIO KOHMAKMHOI 83A€EMO0TI 3 YPAXY8AHHAM
cyx020 mepms, Koepiyieum K020 8apiloeascs nio uac pospa-
XYHKIG T MaKumM YUHOM MOOEN0BANUCH PI3ZHI CMYNeHi 3’ €OHaAHHS
xicmxu 1t imnaanmama. Pezynemamu. Ompumani xapakmepuc-
MmuKu po3nooiny 0eghopmyeanHs 003601I0Mb GEANCAMU, WO 3
MOUKU 30pY MEXAHIYHOL NOBEJIHKU SIK [HMPAMEOYIAPHUL, MAK
i excmpameoyiapHull IMIAGHMAMU 34 YMOG HABAHMAICEHHS
cucmemu 6e3 8iOXuieHb i0 OioMexaHiuMill oci He 3MIHIOIMb
nepeunHy miynicmos Kicmku Kykcu. Bucnoexu. Ilpoananizosano
ompumani pe3ynromamu i UsAG1€HO, WO N0 YAC PO32AAHYMUX
VMO8 YenmpanbHo20 HABAHMANCEHNA KICIMKU KYKCU 82010 Mind
JMIOOUHU He MAE 3HAYUMUX PUSUKIG NopyulenHs ii miyHocmi,
npuyomy 0ns 060x munie imniawmamie. Knouosi crosa. Enoo-
eK30-npome3yeanis, OiomMexaunika, po3paxyHkoguil ananis, me-
MO0 CKIHYEeHHUX eNleMeHmIE.
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Introduction

The level of rehabilitation of individuals who have
lost limbs depends not only on the biomechanical and
biocybernetic properties of prosthetic components
but also on how atraumatic and effective the interac-
tion between the patient and the prosthesis is. From
this perspective, lower-limb prosthetic methods based
on the use of a socket have significant disadvantages:
the load is transferred to the musculoskeletal system
in an unnatural and traumatic manner — through
the soft tissues of the residual limb and other body
structures. The residual limb itself is located within
a confined, physiologically uncomfortable space, and
contact with the socket acts as a kind of “false joint,”
which results in substantial limitations in prosthesis
control. Therefore, proprioceptive and afferent defi-
cits are only minimally compensated even after pro-
longed training.

The use of endo-exo prostheses (EE prostheses),
which are connected and interact with the human
body through an implant directly placed either in-
side the residual bone canal (intramedullary method)
or externally on the bone (extramedullary method),
makes it possible to avoid these problems. However,
long-term experience with EE prosthetic systems has
shown [1-5] that adverse mechanical events occur
relatively frequently, including fractures of the resid-
ual bone or implant, loosening of their fixation, and
other complications.

The practice of lower-limb EE prosthetics and
the early development of its theoretical foundations
indicate the need for data on the distribution of me-
chanical stresses in the residual bone and implant
that occur under loading conditions, as well as an
understanding and consideration of their dependence
on various factors, such as prosthetic design param-
eters, rotational moments, operating conditions, and
others. This information is also required for further
improvement of the “implant — bone” system, for de-
fining requirements for EE prosthesis designs, and for
developing prosthetic technologies in general. Direct
measurement of stresses using technical methods in
this case is extremely difficult, if practically feasible
at all. However, such data can be obtained through
mathematical modelling methods by performing an
appropriate computational analysis of bone—implant
interaction under loading conditions. One of its im-
portant aspects is the investigation of bone deforma-
tion to assess its strength depending on the degree
of contact with the implant and other factors.

Purpose: To develop a computational model
of the biomechanical “bone—implant—prosthesis”

system with intramedullary and extramedullary im-
plants and to analyze deformation under different de-
grees of implant—bone contact by varying the value
of the friction (or adhesion) coefficient between them.

Materials and Methods

The study material consisted of an analysis of rel-
evant literature from specialized sources published
over the past 10 years.

The application of computational modelling meth-
ods aims to clarify the essence of the term “osseo-
integration” from the perspective of understanding
the mechanism of contact interaction between metal
and living bone tissue, since in some sources this phe-
nomenon is interpreted as fusion of the implant with
the residual bone. It should be noted that precision in
terminology and its correspondence to the essence
of phenomena has always been recognized as a nec-
essary condition for solving scientific and other prob-
lems, beginning from the stage of their emergence.
In our opinion, the widespread use of the term “os-
seointegrative prosthetics” limits the understanding
of the scope of problems by reducing them mainly to
medical aspects associated with implant placement.
Practical experience has already demonstrated the
consequences of neglecting biomechanical, technical,
and other important aspects of this method, which
should also be considered fundamental to its scien-
tific justification and the development of technologies
for practical implementation.

Attention should be paid to the fact that the very
concept of “integration,” regardless of the field of ap-
plication, implies the formation of new structures or
the functional unification of existing elements into
coordinated activity determined by their common ex-
istence. However, no data describing such phenom-
ena in biology or physiology, in the sense of integra-
tive processes between non-living and living objects,
have been found in the literature.

For example, an oxide film exists on the surface
of a titanium intramedullary implant. After the med-
ullary canal is cleared and the implant is placed, os-
teoblasts form in the microgaps between the bone
and implant, actively filling this space with new bone
tissue. The new bone tissue (as a part of the origi-
nal bone) gradually becomes stable and begins to di-
rectly and tightly contact the implant surface. This
process plays a key role in the formation of adhesion
between bone cells and the oxide film of the titanium
implant (physical intermolecular interaction between
contacting substances). Thus, the metallic implant
and living bone do not form any common biological
structures that should be considered during model-
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ing, and the concepts of osseointegration or fusion,
particularly in relation to this study, can be regarded
as conditional. This makes it possible to apply estab-
lished methods of contact mechanics when modeling
the “bone — stump — implant” system.

Implant surface roughness may also enhance me-
chanical interaction, as surface irregularities create
a microrelief that becomes filled with newly formed
bone cells.

The vast majority of approaches to mathemati-
cal modeling and computational analysis are based
on numerical schemes of the finite element method
(FEM) [6]. In orthopedics and prosthetics, such stud-
ies involve modeling the deformation of human bones
under extreme conditions (diseases, fractures, ap-
plication of limb distraction devices, etc.) [6—13]. It
should be noted that published studies concerning EE
prostheses [7, 8] consider models that include only
the bone and the implant, while the influence of force
interaction with the prosthesis is substantially simpli-
fied. In addition, insufficient attention has been paid
to studying the conditions of contact interaction be-
tween the implant and bone, the degree of which is
determined by the coefficient of friction or adhesion.

The motivation for selecting the research di-
rections at this stage using mathematical modeling
methods and computational analysis of deformation
of the biomechanical “bone — implant — prosthesis”
system is based on several considerations.

According to the practice of EE prosthetics [3, 5],
fractures of both the stump bone and the metallic in-
tramedullary implant (I-implant) may occur in up to
10 % of cases. This is one of the reasons indicating
that modeling should provide:

— a general assessment of the safety margin
of the “bone—implant” system for different prosthesis
designs, separately for each of its components;

— characteristics of the dependence of the strength
of the “bone — implant” system on various factors,
including the length and area of contact, the type
of prosthesis fixation within the bone canal, non-cen-
tral loading relative to the biomechanical axis, and
other factors.

Considering that surgical procedures based on
the use of the I-implant are currently the predomi-
nant method in clinical practice, these data will allow
refinement of indications for this approach based on
whether the stump length is sufficient or insufficient,
as well as determination of critically acceptable am-
putation levels at which such prosthetic treatment can
be recommended.

The E-implant is used less frequently, although,
unlike the I-implant, it does not require removal

of the bone marrow. Therefore, in this case, centrif-
ugal blood circulation is preserved along the entire
length of the stump bone, which is a necessary con-
dition for preventing degradation of bone tissue. For
the design of an E-implant, it is necessary to deter-
mine the optimal implant — bone contact area from
the standpoint of reliability. This will make it pos-
sible, during preoperative planning, to determine
the locations of such contacts on the bone surface,
as well as individual prosthesis parameters for each
patient.

Furthermore, data on the mechanical stresses aris-
ing within the system will provide a basis for estab-
lishing requirements regarding the accuracy of pros-
thesis design parameters, developing approaches for
optimizing the prosthetic configuration, and defining
the necessary instrumentation and technical support
for this process.

The study of mechanical stresses associated with
destructive risks is also necessary during the design
of those EE-prosthesis components that are intended
to protect the “implant-bone” system. Examples in-
clude a load-relieving module or a rotational mecha-
nism with its control system. Mathematical modeling
and computational analysis of deformation will play
a decisive role in these developments.

The first stage of computational analysis is the cre-
ation of an adequate 3D model of the “bone — im-
plant — prosthesis” system.

The [-implant is a rod (material — titanium oxide)
with a supporting head (material — carbon—carbon
composite), which is in contact with the resected end
of the femoral bone. The E-implant, in terms of its
shape, can be conditionally described as a “cup” (ma-
terial — titanium oxide), into which the stump bone
is inserted; its end surface also contacts the support-
ing head (material — carbon—carbon composite).

The prosthesis model consists of three elements
combined according to the principle of functional
performance during the support phase: a femo-
ral load-bearing module with a knee joint, a tib-
ial load-bearing module, and an artificial foot.
The load-bearing modules are metal tubes, while
the foot is a curved leaf spring. A hinged connec-
tion between the prosthesis elements was modeled.
The geometric 3D models of the “bone — implant —
prosthesis” system for the I- and E-implants are pre-
sented in Fig. 1.

This model makes it possible to study deforma-
tion during all major types of human locomotion;
however, this study considers only quasi-static mod-
eling. The difference between this work and, for
example, [14], is the introduction of three mutually
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perpendicular forces (Fig. 2), which simulate possible
effects of limb bending and torsion.

Within the computational model, several contact
zones were identified. The main focus was placed on
the interaction zones between the rod of the [-implant
and the internal surface of the femoral stump bone,
as well as between the E-implant and the external
surface of the femoral bone. In these areas, contact
was modeled taking into account dry sliding friction
with a variable coefficient of friction (or adhesion).
Its value varied within the range from 0.2 to 6. An-
other contact zone occurs at the interface between
the femoral resection surface and the supporting head
of the implant; however, in this case, the coefficient
was constant and equal to 0.5.

The following geometric dimensions were consid-
ered in the calculations: femoral segment length —
316 mm; I-implant rod length — 110 mm, rod
diameter — 12 mm; upper prosthetic tube length —
100 mm, lower tube length — 400 mm, with internal
tube diameters of 30 and 26 mm, respectively; “foot”
dimensions — 80 x 200 mm, plate thickness — 7 mm.

The physical and mechanical properties
of the model components are presented in the table [14].

The FEM was used as the numerical approach.
A tetrahedral element with 48 degrees of freedom was
selected as the basic finite element. Mesh refinement
was performed in areas with geometric irregularities.

The occurrence or absence of a dangerous situa-
tion from the standpoint of structural strength was as-
sessed using failure criteria. For the implant, the von
Mises yield criterion was applied. A situation was
considered critical when the equivalent stress (stress
intensity) reached the yield strength of the material.
For bone, the Mohr failure criterion was selected,
which is recommended for materials characterized by
brittle fracture [15]. The equivalent stress according
to the Mohr criterion is determined by the formula:

where o1 and o; are the first and third princi-
pal stresses, o, is the tensile strength limit, and o,

is the compressive strength limit. A situation was
considered critical when the equivalent stress
(stress intensity) reached the tensile strength limit
of the material.

Results

The conducted computational studies showed
that under loading along the biomechanical axis,
deformation of the structural components occurs in
both the intramedullary and extramedullary implant
systems. Figures 3 and 4 present the distributions
of equivalent stresses in the bone and in the two types
of implants for a friction coefficient of 0.2 (corre-
sponding to the initial stage of the adhesion process).

The presented illustrations demonstrate that
the most highly loaded regions of both the bone and
the implant are the areas of their mutual contact.
Therefore, in such computational studies, accurate
modeling of the contact interaction between the bone
and the implant is an essential step.

When using an I-implant, the most highly loaded
area is the region of the bone surrounding the im-
plant canal. In the case of an E-implant, the highest
loads occur on the external surface of the bone. It
should be noted that, for the considered loading con-
ditions, the stress intensity in the implants does not
exceed the yield strength, and the equivalent stress
in the bone according to the Mohr criterion also does
not reach critical values.

Figure 5 compares the maximum equivalent stress
values according to the Mohr criterion as a function
of the adhesion coefficient for the intramedullary and
extramedullary implants.

Discussion

The obtained results demonstrate that in all an-
alyzed cases, the equivalent stresses in the residual
bone do not reach the tensile strength limit. This in-
dicates that under central loading along the biome-
chanical axis, the bone maintains its structural in-
tegrity both with intramedullary and extramedullary
implants.

Table
Mechanical properties of the elements of the computational model
Element Young’s Poisson’s ratio Yield strength, Tensile strength, Compressive
modulus, GPa GPa GPa strength, GPa
Femur 10 0.35 — 0.80 1.20
Implant rod (titanium oxide) 96 0.36 0.93 — —
Implant.head (carbon—carbon 180 0.19 o 1 1.40
composite material)
Prosthesis components (steel) 200 0.30 0.25 — —
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This conclusion is consistent with findings from
other researchers who, using finite element analysis,
demonstrated that under moderate physiological load-
ing corresponding to body weight, there is no im-
mediate risk of periprosthetic bone failure; however,
the safety factor remains relatively low [16, 17]. In par-
ticular, in study [16], the authors compared screw-type
and press-fit intramedullary implants for transfemoral
amputation under normal gait conditions and found
that neither design caused direct bone damage in pa-
tients weighing up to 100 kg. At the same time, the pat-
terns of stress distribution and strain energy density
differed substantially between the two designs.

A. Mirulla et al. analyzed different implant
types and found that peak stress values in the bone

N

Fig. 1. Geometric models: a) “bone—implant—prosthesis” with an
I-implant; b) “bone — implant — prosthesis” with an E-implant;
c¢) model of the I-implant; d) model of the E-implant.

Fig. 2. Bone loading scheme.
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Fig. 3. Distribution of equivalent stresses (MPa) in the stump
bone and the I-implant.

and implant were similar for both designs; however,
the press-fit type produced larger areas of elevated
stress in the distal femoral region [17]. In our study,
the fundamental similarity in the mechanical behav-
ior of intramedullary and extramedullary implants
under central loading was demonstrated (Figs. 3
and 4). However, a different pattern of dependence
of peak equivalent stresses on the degree of bone —
implant contact was identified (Fig. 5).

A key aspect of the computational analysis was
the modeling of bone—implant contact interaction us-
ing Coulomb’s dry friction law with a variable fric-
tion (adhesion) coefficient. This approach is widely
used in biomechanical studies of cementless and os-
seointegrated implants [16, 18, 19].

In most studies involving the modeling of trans-
femoral osseointegrated systems, a fixed fric-
tion coefficient within the range of 0.3-0.5 is as-
sumed [16, 18], which corresponds to experimental
data for the contact between trabecular bone and
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Fig. 4. Distribution of equivalent stresses (MPa) in the stump
bone and the E-implant.
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Fig. 5. Comparison of maximum equivalent stresses according
to the Mohr criterion depending on the value of the adhesion
coefficient in the bone when using intramedullary (blue) and
extramedullary (red) implants.
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porous-coated metal surfaces. However, the actual
bone — implant interface has a complex and dynamic
nature: the degree of contact changes over time due
to osseointegration processes, and the classical Cou-
lomb friction law does not fully reflect the nonlinear
behavior of the interface before and after completion
of osseointegration [19]. Therefore, varying the fric-
tion coefficient in our study within the range of 0.2
to 6 allowed simulation of different stages of contact
interaction (from the early postoperative period to
a state of complete osseointegration) and assessment
of the sensitivity of the system’s mechanical response
to this parameter.

For the I-implant, the graph of maximum equiv-
alent stresses according to the Mohr criterion dem-
onstrates a pronounced minimum at an adhesion
(friction) coefficient of 0.4, followed by an almost
monotonic increase. For the E-implant, the curve re-
mains nearly constant up to a coefficient value of 4,
with only minor fluctuations (up to 0.5 MPa), whereas
a sharp increase occurs only beyond this value.
The slight increase in stresses at the initial friction
coefficient values may be associated with substantial
relative displacements between the bone and implant,
whereas the effect of a sharp increase at high coeffi-
cient values requires further investigation and possi-
bly the application of alternative interaction models
under conditions of significant adhesion. This find-
ing is consistent with the conclusions of the authors
of study [19], who proposed a modified Coulomb law
incorporating normal cohesion and tangential inter-
face debonding and demonstrated that interface be-
havior under partial osseointegration differs substan-
tially from classical assumptions of either complete
bonding or complete sliding.

Analysis of the stress distribution demonstrated
that the most highly loaded regions in both cases are
the areas of direct bone—implant contact. For the I-im-
plant, this corresponds to the bone region surround-
ing the medullary canal, whereas for the E-implant
it is the external surface of the femur within the area
enclosed by the “cup”. Similar localization of peak
stresses has been reported by other authors for os-
seointegrated transfemoral implants: stress concen-
trations occur near the proximal end of the intramed-
ullary stem and in the region of osteotomy [16, 18].
This confirms the importance of accurate modeling
of contact interactions in such analyses.

In addition to the acute risk of fracture, long-
term alterations in local stress distribution within
the periprosthetic region may induce bone remod-
eling processes due to the “stress shielding” effect,
clinically manifested as osteopenia, cortical bone

thinning, and an increased risk of periprosthetic
fracture [12, 13, 20]. Study [20] described a clinical
case of periprosthetic fracture in a patient with trans-
femoral amputation and a custom femoral implant,
in which extensive bone resorption caused by stress
shielding was identified as one of the main causes
of structural failure. In our study, central loading
along the biomechanical axis did not reveal signs
of substantial stress redistribution that could lead to
such phenomena; however, further modeling of ec-
centric and dynamic loading conditions is required
for an-adequate assessment of this risk.

From a methodological perspective, an impor-
tant feature of the present study is the application
of the Mohr criterion for assessing the strength
of bone tissue as a brittle material [15] and the von
Mises yield criterion for evaluating the mechan-
ical integrity of the metallic implant, which corre-
sponds to current recommendations for modeling
tissues and materials with fundamentally different
mechanical properties. Furthermore, unlike most
published studies [7, 8, 16—18], which analyze either
only the “implant-bone” system or simplify the me-
chanical interaction with the prosthesis, our model in-
corporates the complete “bone—implant—prosthesis”
assembly with three mutually perpendicular forces,
allowing simulation of bending and torsional effects
of the limb. This provides a methodological founda-
tion for further expansion of the computational model
to dynamic loading conditions and different human
locomotion patterns.

A systematic review by the authors of study [21],
which included 17 in vitro and in silico investiga-
tions of osseointegrated transfemoral prostheses, in-
dicates the absence of standardized methodological
approaches for evaluating primary stability, stress
shielding, and stress concentration. This limits the
ability to directly compare quantitative results be-
tween different studies and supports the need for de-
veloping individualized models with clearly defined
assumptions and boundary conditions. In this con-
text, the methodological value of our approach lies in
the possibility of using individualized computational
analysis results to justify indications and implantation
parameters for specific patients, which is particularly
relevant for the clinical implementation of endo-exo
prosthetic systems in the context of post-war rehabil-
itation in Ukraine [4, 5].

The limitations of this stage of the study include
the quasi-static nature of the analysis, consideration
of only central loading along the biomechanical
axis, and the assumption of an idealized geometry
of the residual bone. Further research should focus
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on real-life prosthesis operating conditions, including
the incorporation of dynamic factors, force moments,
and non-standard loading conditions (such as falls
and stumbling) [17], as well as modeling different
stages of contact interaction using nonlinear friction
and cohesion models [19].

Conclusions

Analysis of available literature regarding the cur-
rent level of development of the scientific foundations
of the EE-prosthetic method and its clinical applica-
tion indicates the need for further investigation, jus-
tification of its advantages, and mitigation of associ-
ated risks.

In this study, 3D models of the biomechanical
systems “bone—implant—prosthesis” were developed
for both intramedullary and extramedullary implant
configurations. At this stage of the research, a com-
putational analysis of deformation of the “bone — im-
plant — prosthesis” biomechanical system was per-
formed under idealized loading conditions, namely
along the biomechanical axis. The finite element
method was used as the numerical approach. The con-
ditions of contact interaction between the bone and
implant were defined based on a dry friction model.
A series of simulations was performed, in which dif-
ferent stages of contact interaction were modeled by
varying the adhesion coefficient.

The principal conclusion derived from the ob-
tained results is that, under the considered conditions
of central loading corresponding to body weight, no
significant risks of loss of residual bone strength were
identified for either type of implant.

The significance of the developed analytical meth-
odology also lies in the possibility of justifying de-
cisions regarding implant application in individual
patients based on patient-specific results of corre-
sponding computational analyses.

Further research should be directed toward re-
alistic prosthesis operating conditions, including
consideration of dynamic loading factors affecting
the biomechanical EE-prosthesis system (primarily
moments of force associated with prosthesis geome-
try and rotational moments in the horizontal plane, as
well as non-standard loading conditions that may oc-
cur during use). Further studies should also examine
alternative models and stages of contact interaction
within the “implant-residual bone” system. Mathe-
matical models may provide the basis for the develop-
ment and implementation technologies of such pros-
thetic components as load-relief modules, rotational
mechanisms with control systems, and other struc-
tural elements.

In our opinion, it is also necessary to investi-
gate the potential risk of adhesion failure caused
by temperature-related effects transmitted through
the metallic implant (for example, during exposure

of a prosthesis user to cold environments).
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