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BIOMECHANICAL PROPERTIES OF HIP
IMPLANT WITH CERAMICS COATING

In this paper the results of investigations of béahmanical properties of transplan-
tation of hip bone with ceramic coating are preséniThe finite element analysis
of the stress-strain state of the femur bone #fifgreplacement surgery and full
recovery period are carried out. A finite elemertdel of the femur bone is ob-
tained on the basis of tomographic data of 36 yelsnale patient. A transplant
stem with ceramic coating based on A400 lateralgeekification was analyzed.
Stresses in the intact femur and femur after apllasty were determined. The ef-
fect of the reduction of bone density as the resulemoval of normal stresses by
an implant were analyzed. The study serves as mdaibanical basis for deve-
lopment of artificial prostheses and for clinicg foint replacements.

Keywords: arthroplasty, finite element method, strain-stretsde, intact femur,
hip transplant, stress shielding

1. Introduction

The hip joint is one of the biggest and highly stexl joints. It bears our
body’s weight, allows us to walk, run and jump. €strthritis, rheumatoid arth-
ritis, osteonecrosis, injury, fracture, and bormadts can damage this joint. Os-
teoarthritis is the most common form of joint diseaand it is also known as
degenerative arthritis. It occurs in a processanfilage wearing down with age.
Patients with hip joint damage that causes painiatedferes their daily activi-
ties despite treatment can be candidates for lpfacement surgery. Joint Re-
placement is often the only way to restore joimtction to improve the quality
of patient’s life. In a process of surgery damagads of joint are replaced with
an artificial joint. Artificial joints are made fro materials that must have com-
patibility with biological tissues, non-toxic. Th&so have to be bioactive and
carry the physiological load.
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Hydroxyapatite calcium phosphate ceramic is foundbeé the major com-
ponent of the bone what makes it one of the mdst&fe biocompatible mate-
rials for hip implant coating. According to clinicatudies, a hip replacement
must ensure stable functioning for 20 years. Howeafeer hip replacement sur-
gery may occur some complications. One of thethdsstress shielding that can
reduce for twice time of use of the implant. Tréam refers to the reduction in
bone density (osteopenia) as a result of removabafal stress from the bone
by an implant (for instance, the femoral comporadrat hip prosthesis) [1]. A lot
of finite element studies were carried out to assks influence of the hip im-
plant. Recently obtained results and the historthefdevelopment of this prob-
lem are described in [2-4]. Usually, in the worktated to the calculation of the
stress-strain state of hip implant system effecétaéss shielding is not consi-
dered. The hip transplant with hydroxyapatite codatgem was investigated in
clinical studies [2, 11]. The specification of ataréal model for a bone and
transplantation in finite element studies is s#levant. The aim of this study is
to investigate the biomechanical properties ofae@inent of the hip bone with
ceramic coating and to compare it with an infagtur bone.

2. Materials and methods

Stereolithography (STL) model of the cortical bama sponge body were
obtained with the use of MIMICS 14.12 (MaterialB¥) on the basis of 55 to-
mographic images of the dry cadaveric femur of fachén. The step of tomo-
graphic slices is 1 mm. A similar approach was ugel®, 4] and [14], during
development of the three-dimensional solid modeheffemur bone. For mod-
eling the hip replacement femoral head and necle wamoved from the model.
The simulation of bone marrow was not carried betause it has little influ-
ence on the stress distribution in the bone strastof the femur bone under
static load.

A solid model of hip transplant was created usiBgGAD tools of Solid-
Works 2010 (SolidWorks Corporation, USA) on theibad A400 lateralized
specification. Stem was installed to the femorét sipening. The stem length is
equal to 133.6 mm and the distance of neck ax8i5. The width of proximal
cross section and distal cross section is 30.4 madn7anm respectively. These
properties correspond to the size 6 of the A40Qifpation. Finite element
models of the intact femur, femur after total hgplacement and hip implant
were derived by using ANSYS Workbench. The maxinsime of the element is
3 mm. The properties of finite element model carséen in a table 1. The type
of the finite element is Solid72. Contacts betw#enhip implant and femur, as
well as compact and sponge bones were assignedowi@act elements Con-
tal73, Contal74 and Targel70 (without sliding aadegration) what can be
interpreted as fully recovering after surgefhe boundary conditions for the
femur correspond to rigid fixing of half [2, 3, @]he finite element model of the
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femur bone after hip replacement surgery and looatiof muscle attachment
area are shown in figure 1.

Table 1. Finite element model description

Part Number of elementy Number of nodes
Intact femur 77 019 123 148
Post-surgery femur | 50288 82420
Hip transplant 8022 12900

aJ b)(

Fig. 1. Finite element model of femur bone aftep héplacement
surgery &) and location of muscle attachment area (Tabl®)2)

According to some authors [5] muscle loads hagymificant influence on
stress distribution. Magnitude of nodal forces show Table 2 corresponds to
midstance phase of walking [4] directly associatétth the period of single-leg
support of body weight or the period during whibtle body advances over the
stationary foot. Boundary conditions correspondrigpd fixing of the nodes
created after the transversal cut. The force agpbe the femur and the stem
head is 800 N (corresponding to average weight® dlastic properties of the
bone tissues and hip implant are presented in Tabldey corresponds to data
in [7]. The cortical bone and the trabecular borezentaken as orthotropic ho-
mogenous. The properties of hydroxyapatite arentdf@m the research [2, 8].
Stress-strain states of the femur bone after tted kip replacement were de-
rived for two cases. In the first case only titanigtem without any coating was
used. In the second case bioceramic coating wasid@yed. For comparison
with the results stress-strain analysis of intacidowas carried out.
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Table 2. Magnitude of muscular forces

Magnitude
Load X Y 7
Gluteus maximus (1) -105 | 172.3| 203.8

Musculus gluteus medius (2] 28.9 | 63.7 | 113.3
Musculus gluteus minimus (3§ -0.7 | 25.4 | 51.6
Musculus psoas major (4) | 160.6| 3.6 | 158.6
Musculus piriformis (5) -70.1 | 110.5| 22.4

Table 3. Elastic properties of materials

. Elasticity modulus . , . Shear modulus
Materials Poisson’s ratio
GPa MPa
Titanium 110 0.31 -
Ceramics (hy- 3.9 0.21 -
droxyapatite)
E1=43 vl2 =0.40 Gl2=5.71
Compact bone E2=43 v23 =0.25 G23=7.11
E3=7.8 v31=0.25 G31 = 6.58
El1=1.2 vl2 =0.40 Gl2=5.71
Sponge bone E2=12 v23 =0.25 G23=7.11
E3=21 v31=0.25 G31 =6.58

3. Results and discussion

Results of equivalent stresses in the femur boderustatic pressure can be
seen in figure 2. In the case of intact femur {ghér stresses appear untEss-
er trochanter (maximum value in this area 107.84 MRa)d propogate tpec-
tenial line. Stresses higher than 80 MPa also appear in #e @meck and
greater trochanter. Distribution of stresses in the case the hip heitle ceramic
coated implant (b) significantly differs becausghar stresses arise mostly in-
side the bone structure (maximum value is 139.6&)M#nd appear in the area
of pectineal line and gluteal tuberosity. However, it is also worth to mention
that long bones have very high ultimate tensilersghtthat is equal to 130-170
MPa. It is important to notice, that in all three cabegh stresses appear in the
transversal plane because of concentration ofsgtse§ o avoid such problem in
future and to get more accurate results it is bétteise the whole model of the
femur, even if it will increase the time of calcide and the size of the model.
One of the important indicator that allows to potdiomplications like bone
resorption is the shear stresses [3]. The restibomechanical systems for im-
plants with and without ceramic coating are presegnh figure 3. Also noted
that in the case (a) maximum shear stress is ¢gudl3.95 MPa and in the case
of (b) shear stress is equal to 128.89 MPa. In baties highest stresses appear
in the area of stem. Such results confirm tha iery important to consider
increasing a contact area of the implant with aebstructure by using coating in
a stem area or even choosing implant with a biggsm.
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@ (b)

D: Static Structural
Equivalent Stress &
Type: Equivalent fvan-Mises) Stress

C; Static Structural
Equivalent Stress
Type: Equivalent {(von-Mises) Stress

Unit; MPa Unit: MPa
Tirne: 1 Time: 1
242172016 11:34 202172016 11:19
197.96 Max 232,68 Max
0421 1,439
70369 71.258
60316 61,070
20200 50,899
40211
40,719
30,159
20108 3054
10.053 03e
0.00082417 Min 10181

0.00095135 Min

Fig. 2. Equivalent stresses for intact femajrgnd the femur after hip-replacemel (

@ (b)
B: Static Structural D: Static Structural
Maximurm Shear Stress Maximurn Shear Stress 2
Type: Mazimurn Shear Stress Type: Maxirnurm Shear Stress
Unit: MPa : Unit: MPa
Tirme: 1 Tirne: 1

22172016 11:39 s amat:a

113.95 Max

128.89 Max
23.502 22,361
20564 20441
17.626 17.521
14,680 14.601
11,751 11,681
8.8132 8.7605
5.8755 5,6403
2.0377 2,002
6.7781e-6 Min 7.1116e-7 Min

Fig. 3. Shear stresses for femur after hip-replacgnwith titanium implantg) and ceramic
coated ) transplants

The comparative analyses of stresses for selacgzdof the femur bone are
presented in figure 4. The areas with the highsseg in thecase of intact femur
were selected: between lesser trochanter and palctere (probe 1)greater
troachanter (probe 2) and gluteal tuberosity (pr8peThe difference between
biomechanical systems with implant with or withd@ibceramic coating is not
essential, however in comparison with intact femagnitude of stresses in the
tested area drop drastically. Such significant geancan cause processes of
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adaptation like stress shielding in the fu that can lead to loss of bone density
and to further damage.

5.2495
N.str. (Z) (probe 3) B 5.4033

S 47.927
7.31

Eqv. str. (probe 3) B 9.5636
47.781
1.7255 Fs:mur + Ac}DD tra.nsplant
N. str (Z) (probe 2) 1.7581 with ceramic coating
B 6.8906

Fermur + A400 transplant
5.7804

Eqv. str.(probe 2) & 5.3768

59.979 m Intact femur

_ 5.3752
N.str(Z) (probe 1) § 3.5618
. 107.26

4.7617

Eqv. str. (probe 1) S8 9.9202
107.84

0 20 40 60 80 100 120

Fig. 4. Maximum equivalent and normal stressesébected area of femfor
different model configurations

4. Conclusions

The fnite element analysis of the femur bone ahip replacement surgery
was carried out. Such approach allcto explain the clinically observed effects
[1-5, 11, 12].The computations of the femur after -replacement surgery
showed that the presence of the implant signiflgaaffects the distribution ¢
stresses in the structure in comparison with tkectrbone that can lead to str
shielding and bone resorpticand can reduce the time using implant in the
future. It is worth noting that the firm connectibatween implant with ceram
coating and the bone leads to more steady loadhdison and can provid
more successfuhdaptation of bone tissues and helps to avoid soatplica-
tions. However, too high values of maximum sheagsses in both cases -
femur after joint replacement indicate the needutther studies of the iru-
ence of the size of the stem on 8ieess-strain state of the biomechanical sys-
tem.

In the further investigation more sophisticated approamhthe contact be-
tween the bone and transplanheedec The use of the application corresponded
to themicropolar theory for more realistbehavior of bone tissues and ceramic
material also considered.
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WLA SCIWO SCI BIOMECHANICZNE PRZESZCZEPU KO SCI
BIODROWEJ Z POWLOK A CERAMICZN A

Streszczenie

W artykule przedstawiono wyniki baglavtasciwosci biomechanicznych przeszczepusdio
biodrowej z powtok ceramiczy. Przeprowadzono anajiznetod elementdéw skiaczonych stanu
napezen i odksztatcé kosci udowej po zabiegu wymiany stawu biodrowego ipetnym okresie
rekonwalescencji. Model koi udowej wykorzystany do analizy metpelementéw skéczonych
otrzymano na podstawie danych termograficznyche®i¢go pacjenta. Analizie poddano niize
przeszczepu okryty powtakceramiczg na podstawie specyfikacji A400. Wyznaczono pagmia
w koséci udowej nienaruszonej i po endoprotezoplastyceligowano wptyw zmniejszeniasto-
$ci kosci jako wyniku usurdcia napezen normalnych przez implant. Badania stanppdstaw
biomechanicz do opracowywania sztucznych protez stawu biodrawieglinicznych wymian
pofaczenia biodrowego.

Stowa kluczowe:endoprotezoplastyka, metoda elementowhAskonych, stan nagien i odksztal-
cen, kos¢ udowa, przeszczep biodra, osteopenia
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