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Abstract

This paper presents an application of topology optimization in the analysis of the thighbone with an inserted endoprosthesis. A
variational minimum compliance approach with mass constraints is employed to solve the problem. Changes in the bone structure
depending on the implant's mechanical parameters are studied. Numerical results for mass distribution in the modelled thighbone
with an inserted endoprosthesis are analyzed using an original numerical algorithm and a program developed in Matlab. It is
numerically proven that owing to the use of an implant with material properties similar to those of the bone no degradation of
the latter in the vicinity of the implant occurs. The endoprosthesis will serve longer and the postoperative complications connected
with the accelerated degradation of the bone in the neighborhood of the implant will be avoided if the implant has similar material

properties as the bone.
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1 Introduction

In this paper the interaction between the implant and the
bone, i.e. the distribution of material when an endopros-
thesis modelling structure is introduced into the design
domain, was numerically analyzed.

The theoretical basis of the approach used here, and the
authors' numerical algorithm and program written in Matlab
together with a practical civil engineering implementation
were presented in [1]. The optimization problem there was
formulated variationally. The compliance functional mini-
malization approach under constraints imposed on the body
mass available for optimization was adopted. The prob-
lem of the optimal distribution of the available material in
a strictly defined design area under the assumed boundary
conditions and the prescribed load was considered.

Global constraints were imposed on body mass in [1, 2]
and in the present paper. This means that depending on the
amount of available mass, one gets different optimal dis-
tributions of this mass in the design area, whereby having
more mass one gets a structure whose elements fill up the
design area more tightly and this structure is stiffer than
the one obtained for a smaller amount of mass. Considering

the problem of bone tissue distribution around the implant
from the physical point of view, the imposition of con-
straints on body mass should be understood as follows: a
relatively large body mass is available in the case of a per-
son with healthy bone tissue, whereas a small body mass
occurs in a person with considerably advanced osteoporo-
sis. For example, when a small mass is available, the ques-
tion is how to distribute this little mass in order to obtain
the maximum stiffness of the bone structure.

The numerical modelling of a thighbone structure by
means of the same algorithm and program was presented
in [2]. The structure was loaded by representative force
W or P (Fig. 1) to reveal the general tendency regarding
the considered problems. From the practical point of view,
research on the implant/bone interaction is highly import-
ant as it aims to minimize the adverse effect of the implant
on the bone structure. The topic is discussed in, e.g., [3]
where it is proposed to use functionally gradient materials
(FGM) for producing implants to avoid problems arising
at the contact between the two materials (bone/implant)
characterized by different physical properties, and bone
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resorption problems. The latest achievements in bone/
implant interactions, including coated porous implant/
bone interactions, are discussed in [4]. Various methods
are considered to enhance the biocompatibility of the
materials used during the operation. For example, in [5]
the influence of nano-hydroxyapatite (HA) on the frac-
ture behavior of acrylic bone cement (PMMA) under ten-
sion-shear loading was investigated.

Since generally there is a biomechanical mismatch
between the implant and the surrounding tissues, mainly
due to the different Young moduli of the two, intensive
research on the potential use of materials with a gradi-
ent structure is underway in bioengineering. The present
study is based on [6] where the degradation of the bone
in the vicinity of the implant was demonstrated numeri-
cally. This is confirmed here, and it is shown how to avoid
such degradation. Current achievements in the modelling
of new-generation implants are presented in [7], which
includes a discussion of ways in which post-implantation
degradation can be minimized. Initially, materials such as
stainless steel, pure titanium, or its alloys, which are char-
acterized by much higher Young moduli than compact
bone, were used in implantology. Today new-generation
materials begin to be used. It should be noted that there is
ongoing research aimed at finding a material which would
interact with the natural bone structure. An example here it
the research conducted at the Medical University in Lublin
(Poland), where a bone replacing composite material char-
acterized by high biocompatibility was developed and pat-
ented [8]. It is worth mentioning that in [9] a novel cement-
less stem characterized by a gradual decrease in Young's
modulus was proposed. Numerical simulations showed
that 10 years after its implantation the bone mineral density
would be over 40 % higher than for other implants.

A comprehensive review of the problem of bone degen-
eration around the implant is presented in [14], where
a definition of the problem is given. It is also noted there
that as a result of implantation, stresses in the bone
decrease and the atrophy of the bone around the implant is
observed. Also, a procedure for reducing bone atrophy is
demonstrated.

Another interesting review-like study is [15], where it is
mentioned that professor Huiskes was the first to draw atten-
tion to this problem and link it with the stress strain state in
the bone. Also, the stress-shielding problem and its prac-
tical solution are extensively discussed in [15]. It is men-
tioned that animal testing demonstrated that when less stiff
implants were used, the bones degraded to a lesser degree.

All the above studies show that this problem exists, but
none of it proves that from the point of view of the laws
of physics the degradation of the bone around the implant
is a natural phenomenon. The human skeletal system is
being built and remodeled in the course of life, also after
implantation, and is optimally constructed. Therefor it fol-
lows from the principles of optimal bone structure design
that the bone around the implant often undergoes degener-
ation. This will be proven numerically, on the basis of the
theory presented in [1, 2], in the next sections.

2 Thighbone/implant interaction

2.1 Implant modelling

This paper continues the analysis presented in [2]. In this
part of the research the changes in the structure of the
thighbone after the introduction of an implant made of
a uniformly dense material were studied in order to deter-
mine the effect of the hip joint implant on the structure of
the thighbone.

In the case of a healthy thighbone, a load applied to its
upper part is carried by the spongy bone trabeculae and then
transferred via cortical bone to the thighbone's lower parts.

When an implant is inserted into the thighbone, the
way in which load is transferred to its lower parts changes
since load is then applied to the implant head and most of
the load via the implant is transferred directly to the cor-
tical bone and then through the latter to the lower parts
of the thighbone. The rest (a very small part) of the load
is transferred through the spongy bone in the thighbone's
upper part to the cortical bone. Since the implant is very
stiff in comparison with the bone, nearly all the load is
carried by the implant whereby the bone in the vicinity of
the implant is not sufficiently loaded, to which the body
reacts by increasing the activity of osteoclasts. The over-
activity of the osteoclasts contributes to quick resorption
(loss) of bone tissue, leading to changes in the bone struc-
ture. Fig. 1(a) shows an exemplary endoprosthesis of the
hip joint. The finite elements making up the hip joint endo-
prosthesis in computations are marked in Fig. 1(b).

s i

Fig. 1 Hip joint endoprosthesis (a) and computational model (b)



Considering that due to the weakening of the bone
structure in the vicinity of, particularly, the implant shaft
the prosthesis often becomes loose, the main focus in the
computations was on the effect of the implant shaft on the
thigh bone. In the analyzed cases, the implant was inserted
into the core of the thighbone and loaded with concen-
trated force P or W — similar as it was in [2]. These forces
are representative forces for the considered problem.

It appears from the topologies presented in this sec-
tion that bone density significantly changes as a result
of implantation. Due to the fact, that the load is carried
mainly by the implant the bone tissue in the vicinity of
the implant undergoes degradation. Today an ever deeper
insight into the processes of repeated bone remodeling
(commensurate with the stress strain state of the bone
in the preceding period) during a person's life is being
gained [10]. As a result, the degradation of the bone tissue
in the neighborhood of the implant, leading to the loos-
ening of the implant, is better understood [11]. In recent
years some sophisticated research in this field has been
done. For example, 3D tissue scaffolds with a controlled
internal architecture are presented in [12] and human tra-
becular bone core scanning and advanced FEM intrinsic
material modelling are reported in [13].

2.2 Solutions for two implant cases

Studies showing how the bone structure remodels at the
implant/bone contact are presented below. First an exam-
ple similar to the one presented in Fig. 15 in [2], but for a
greater amount of mass, is shown. When in the course of
optimization one increases the amount of mass available
for bone tissue building (by increasing mass reduction
coefficient a from 0.3 to 0.42 (Fig. 2) or to 0.5 (Fig. 3)),
this has no significant effect on the shape of the obtained
topologies. In the examples, 384 clements were allo-
cated for implant building, which at assumed available
mass m, = 1344 amounts to 28 % (for o = 0.42) while at
m, = 1600 it amounts to 24 % (for o = 0.50).

Fig. 2(a) presents the final material/void (1/0) solution
for the implant shown in Fig. 1. Fig. 2(b) shows a nor-
malized deformation energy distribution on a density scale
of 0-1 (only the implant is marked black). In order to better
visualize the actual variation in material density distribu-
tion the topology was examined on different density scales:
0-0.1 (Fig. 2(c)), 0-0.02 (Fig. 2(d)), 0-0.015 (Fig. 2(e)) and
0-0.001 (Fig. 2(f)). This means that, for example, the upper
limit as equal not to 1, but to 0.1. Consequently, the inter-
val of 0-0.1 is divided into 10 shades of grey, as shown in
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Fig. 2 Topologies of density distribution in step 10 under loading with
force P for a = 0.42; 0-1 (a); 0-1 (b); 0-0.1 (c); 0-0.02 (d); 0-0.015 (e);
0-0.001 (f)

Fig. 2(c), where, e.g., the white color corresponds to the
numbers from the interval of 0-0.01 while the black color
corresponds to the numbers from 0.09 to 1 inclusive.

Fig. 3 shows, in the same configuration as previously,
topologies for a = 0.50. Also in this case it was found
that the introduced implant contributed to the remodeling
of the bone structure and to the atrophy of certain ele-
ments situated above the slanting part of the prosthesis and
on the left side. In addition, in this distribution (Fig. 3)
the horizontal bars in the bone marrow core, visible in
Fig. 2, have disappeared and in their place a bar originat-
ing at an angle from the right side towards the thighbone
head has formed.

The topologies shown in Fig. 2 (& = 0.42) and Fig. 3
(a=0.50) confirm the earlier observations [2] that implan-
tation contributes to the considerable remodeling of the
bone structure. As a result, the areas above the slanting
part of the prosthesis (the thighbone head) undergo weak-
ening. Also, the cortical bone on the left side is consider-
ably weakened. More material is located on the right side,
closer to the force application point. After implantation
the structure of the bone changes. Additional horizontal
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Fig. 3 Topologies of density distribution in step 4 under loading with
force P for o= 0.5 - 0-1 (a); 0-1 (b); 0-0.1 (c); 0-0.02 (d); 0-0.015 (e);
0-0.001 (f)

connections, in the form of single bars originating from
the implant and extending to the right and to the left
towards the cortical bone (Figs. 2(d)—(f)), develop.

To see how the solutions are changing when healthy bone
solutions are compared with the ones obtained for the bone
with the implant one should consider the topologies with the
same available mass allocated, used for building the bone
alone (without the mass allocated to the implant). And so,
for example, the solution shown in Fig. 6(c) in [2] should
be compared with the one in Fig. 3(a) (¢ =0.50). Fig. 4 shows
a 0/1 distribution topology without the implant (Fig. 4(a))
and with the implant (Fig. 4(b)), where the amounts of
available mass used to build the bone alone are the same.

In Fig. 4(b) the implant which (for the 40 x 80 grid)
comprises 384 elements with a density of 1 is shown in the
same shape as in Fig. 1(b). One can see how the distribu-
tion of the same amount of mass changes when the implant
takes over almost the whole load.

Then a case in which the amount of material for the
implant was reduced, with the amount by which it was
reduced allocated for bone building, was analyzed. The
implant in this case became "thinner". Figs. 5 and 6 show
the results of computations for the loading with force P.

(a) (b)

Fig. 4 0/1 topologies under loading with force P, without implant from
Fig. 6(c) [2] (a); and with implant from Fig. 3(a) (b)

) © )

Fig. 5 Topologies of density distribution in step 19 under loading with

force P (“thin” implant) for & = 0.30; 0-1 (a); 0-1 (b); 0-0.1 (c); 0-0.02
(d); 0-0.015 (e); 0-0.001 (f)

When the amount of material for bone structure build-
ing was reduced at the expense of the amount for implant
building, it was found that the implant no longer carried
the whole load but shared it with the thighbone.

In this solution (Figs. 5(d), (e), (f)) the particular struc-
tural elements in the upper part of the thighbone neck
formed. When implants thicker in cross section are used
(Figs. 2 and 3), the elements situated above the slanting part
of the implant completely disappear or are made of much
less dense material (light shades of grey or the white color).
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Fig. 6 Topologies of density distribution in step 7 under loading with
force P ("thin" implant) for o= 0.50; 0-1 (a); 0-1 (b); 0-0.1 (c); 0-0.02 (d);
0-0.015 (e); 0-0.001 (f)

Neither the bone structure in the areas situated above
the slanting part of the implant nor on the left side in the
thighbone crown region weakens as a result of the increase
in the available mass combined with the use of a reason-
ably thin implant. Similar correlations as at a relatively
lower coefficient a are observed. It is apparent that when a
thin implant with a relatively small cross section is used,
also the bone tissue is engaged in carrying the load by
the implant. Some of the load from the upper part of the
implant head is carried by the implant and some by the
bone. The spongy bone surrounding the implant does not
atrophy but conjoined with the cortical bone transfers the
loads to the lower parts of the thighbone.

The changes in bone structure remodeling after implan-
tation become even more visible when the model is loaded
with force W. Fig. 7 shows an exemplary solution for load-
ing with force W, which was obtained for the same control
parameters as the topology for loading with force P, shown
earlier in Fig. 4.

A similar comparison was made for a “thin” implant. A
solution for loading with force P and a solution for loading
with force W are shown in respectively Fig. 6 and Fig. 8.
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Fig. 7 Topologies of density distribution in step 15 under loading with
force W for o = 0.50; 0-1 (a); 0-1 (b); 0-0.1 (c); 0-0.02 (d); 0-0.015 (e);
0-0.001 (f)
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Fig. 8 Topologies of density distribution in step 20 under loading with
force W ("thin" implant) for o = 0.50; 0-1 (a); 0-1 (b); 0-0.1 (c); 0-0.02 (d);
0-0.015 (e); 0-0.001 (f)
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It is apparent that the bone structure in the distribution
shown in Fig. 8 (force W) differs from the topology in Fig.
6 (force P). In the solution for load W one can discern more
thinner bars which join the implant. An examination of the
solutions (Fig. 7 or 8) reveals that the single thin bars model
spongy bone with a trabecular structure. The bars surround
the implant forming with the latter a network of connec-
tions, which means that the bone tissue and the implant
form a union and began to interact. Relatively more thin
bars, resembling spongy bone with a trabecular structure,
join the "thin" implant (Fig. 8(f)). In the case of the implant
with a slightly larger cross section, the number of such
members decreases (Fig. 7(f)).

In the solutions with force W (Fig. 7 or 8) there is much
less material on the right side of the thighbone head than
in the distributions for loading with force P, i.e. material
in this case (force W) is distributed in the external corti-
cal bone on the left and right side. The external edge of
the thighbone head is connected via the thin bars with the
implant. Numerous bars also originate from the cortical
bone and extend towards the implant.

Implantation disturbs the structure of the bone, regard-
less of the cross section of the implant. At the con-
tact between the different materials (different densities)
adverse phenomena occur, contributing to the degradation
of the osseous system (the atrophy of structural bone ele-
ments in certain areas). It should be noted that the changes
in the bone structure resulting from the introduction of the
implant are similar to the ones observed in actual long-term
post-implantation studies reported in the literature [11].

It appears from the presented distributions that the
bone structure is differently remodeled depending on the
adopted loading configuration. Bone is continually sub-
jected to different loads and in each of the situations it
must be possibly strongest.

The density distribution of the bone tissue into which an
implant has been introduced differs from that of the bone
tissue without the implant. For example, a comparison of
the solution (without implant) shown in Fig. 4(a) with the
one (with a "thick" implant) in Fig. 4(b) reveals a signifi-
cant change in the bone structure. The elements forming
the upper part of the thighbone head completely disap-
pear as a result of the implantation. No such phenome-
non, consisting in the elimination of material from the area
above the slanting part of the prosthesis, is observed when
a "thinner" implant is employed (Fig. 6). In this case, the
bone interacts with the implant: some of the load is carried
by the implant and some via the spongy bone is transferred

outside to the cortical bone. It is apparent that if the bone is
relieved too much (whereby a substantial part of the load is
carried by the implant alone), the bone will atrophy.

Significant changes in material distribution also become
apparent for force W. The outline of the thighbone is sim-
ilar, but in the solutions with the implant (Figs. 7 and 8)
thin bars have formed. Such structures are not observed in
the thighbone without the implant.

Summing up this section, one can say that that the mate-
rial distributions show where the bone material should be
located in an optimal distribution. Let us repeat that in
the human body during its life the bone tissue is being
degraded and subsequently remodeled in such places and
in such a shape and assuming such a structure as the one
emerging from the analysis of its distribution optimal with
regard to the loading state of the bone structure. Let us
repeat that in the case of implantation, it is the implant
which carries most of the load. Then from the optimal
bone distribution point of view no bone is needed in the
neighborhood of the implant and so the human body does
not remodel the bone in the neighborhood of the implant.
This is what actually happens. The optimal distributions
of bone material around the implant, obtained on the basis
of structure compliance minimization, confirm precisely
the fact that no bone is needed in the neighborhood of the
implant. Therefore it can be concluded that as the load is
carried by the implant, then the human body simply does
not remodel the bone in the neighborhood of the implant
and consequently after some time since the implantation
the bone around the implant may atrophy or atrophies.

2.3 Analysis of thinner implant cross section and
reduced implant density (force W)
Here material distributions for different implant densi-
ties (1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3) instead of the stiff
implant's density of 1 were studied. Computations were per-
formed for the "thin" implant. The design area was loaded
with force # and mass reduction coefficient was adopted.
The stiffness of a member in compression or tension is
usually defined as a product of cross-sectional area A and
Young's modulus E. The above implant densities lower than
unity should be understood as implant stiffnesses (EA)
appropriately reduced by reducing the implant's E-modulus.
The aim of the computations was to find out what
the bone material distributions would be for a relatively
weaker implant. It was shown above that when a too stiff
(too large in cross section) implant is inserted, the bone
surrounding it undergoes degradation, which results in



adhesion loss (implant loosening). In the optimization pro-
cess no material is distributed around a too stiff implant.
It could be expected that if the implant was weakened to
some extent, then as a result of optimization numerous
connections with the bone would form around the implant.
It this proved to be the case, the implication would be that
implants should be less stiff and material specifications
should be more similar to those of the bone.

If in the computations presented below an implant with
a density of, e.g., 0.4 is mentioned, this means that this
implant density value remains the same throughout the
optimization process while the available mass is subject to
optimal distribution. The results of the computations are
presented in the Tables 1-3.

Table 1 shows the topologies obtained for different
implant densities. These are solutions of the material-void
type. It is clearly apparent that the lower the implant den-
sity, the wider the thighbone's cortical bone, i.e. the ver-
tical bone elements located in the thighbone's lower part
are wider and more interconnected. This is particularly
visible if one compares the topology with the 1.0 density
implant with the topology with the 0.3 density implant.
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A comparison of the solutions presented in table 1 shows
that the solutions at lower implant density are closer to the
solution without the implant .

Table 2 shows density distribution under the same
scheme as above (e.g. Fig. 7 or 8), but on suitable density
scales. This time the topologies are shown on the scales
of 0-0.03, 0-0.01 and 0-0.05, whereby one can clearly see
how the material distributions change depending on the
implant material density. For instance, if at the same den-
sity scale of 0-0.03 one compares the extreme solutions
(implant densities of 1.0 and 0.3), it becomes clear that
in the case of the weaker implant the bones are markedly
stronger (filled with material of higher density). The same
is observed if the other two columns of the obtained topol-
ogies are examined in the same way as above. Examining,
going from top to bottom, each of the columns separately
one can see how bone density smoothly changes.

When one examines Table 3, one can notice that the
topologies presented here, regardless of implant den-
sity, are in a lighter shade of grey than the ones shown in
Table 2. The weaker the implant, the blacker the topologies
become, which means that bone material gets concentrated

Table 1 Topologies with implant, shown on scale of 0-1

Implant with density
of 1.0 — step 20

Implant with density
of 0.9 — step 21

Implant with density
of 0.8 —step 23

Implant with density
of 0.7 — step 25

Implant with density
of 0.6 — step 29

Implant with density
of 0.5 —step 32

Implant with density
of 0.4 —step 34

Implant with density
of 0.3 —step 34
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Table 2 Topologies with implant, on three selected scales

Implant with density of 1.0 Implant with density of 0.6
Density scale Density scale Density scale Density scale Density scale Density scale
of 0-0.03 of 0-0.01 of 0-0.005 of 0-0.03 of 0-0.01 of 0-0.005

Implant with density of 0.9 Implant with density of 0.5
Density scale Density scale Density scale Density scale Density scale Density scale
of 0-0.03 of 0-0.01 of 0-0.005 of 0-0.03 of 0-0.01 of 0-0.005

Implant with density of 0.8 Implant with density of 0.4
Density scale Density scale Density scale Density scale Density scale Density scale
of 0-0.03 0f 0-0.01 0f 0-0.005 of 0-0.03 of 0-0.01 0f 0-0.005

Implant with density of 0.7 Implant with density of 0.3

Density scale Density scale Density scale Density scale Density scale Density scale
of 0-0.03 of 0-0.01 0f 0-0.005 of 0-0.03 of 0-0.01 of 0-0.005
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Table 3 Topologies without implant, on four selected scales

Density distribution
on scale of 0-1

Density distribution
on scale of 0-0.03

Density distribution
on scale of 0-0.01

Density distribution
on scale of 0-0.005

in certain places. The aim of this concentration is to ensure
interaction between the implant and the bone. In the case
of the bone without the implant, one obtains a more uni-
form distribution of relatively weak material. Let us exam-
ine the distributions on the scale of 0-0.005. Let us com-
pare the topology (the implant with a density of 1.0) shown
in Table 2 with the one in Table 3. If an implant is intro-
duced into the bone, connections with the implant form and
because of the latter's relatively high stiffness also the con-
nections must be stiffer, whereby material is being concen-
trated on the connections with the implant. This is visible
in the topologies: the topology in Table 3 is fuzzier than the
one in Table 2, where the material is more concentrated.
The introduction of a weak implant (with a density of 0.3)
results in the formation of many connections between the
bone and the implant. Thus, it can be concluded that a
weaker implant stimulates bone structure remodeling.

3 Conclusions

As part of this research, numerical analyses of the model
of the thighbone with and without an implant have been
carried out. The fact, known from clinical studies, that
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