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The health safety of the human being is one of the most important goals of governments around the
world. The cessation of the functioning of any organ of the human body would have a negative impact on
psychological and physical health of the patient. The replacement of the damaged organ by an artificial or-
gan is the used solution. The shoulder joint is an example; a total prosthesis can be implanted to recover
the functioning of the upper limb. The right choice of materials for this prosthesis is one of the research di-
rections today. The purpose of this work is to predict the propagation of the crack previously created in the
head of the shoulder prosthesis. Shoulder prosthesis is composed of two components: a head made usually
of inoxydable steel or metallic alloys and a cup which could be made of UHMWPE. The proposed material
of the head was alumina. As bioceramics, alumina has known properties that make it a candidate material
to replace used stainless steel or metallic alloys. But fragility is the most undesirable alumina property. So
to investigate its tenacity prior defects were created and to extend the investigation two cases of remarka-
ble location of the prior crack were considered. The selected mean of simulation is the finite element calcu-
lation code Abaqus. The needed data: geometries of the two compounds of the shoulder prosthesis, loads
and mechanical properties of the considered material were implemented. The obtained results concerned
normal stresses at the tip and the line of propagation of prior cracks. The calculation of intensity stress
factor is necessary to judge alumina tenacity. Final results in the two cases reveal the possibility of using
alumina as a material of the humeral insert.
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1. INTRODUCTION

The total shoulder prosthesis consists of a head and
a cup. Usually the humeral component is made of met-
al. Various metals include stainless steel, tantalum,
titanium, vanadium, cobalt, chromium, tungsten, nick-
el, and molybdenum and the cup is made of polymer
(UHMWPE) [1]. For a cup made of polymer, debris
providing from wear is considered to be the main rea-
son causing the osteolysis as a result of biological reac-
tion between tissues and polymer wear debris [2].

Stainless steel and metallic alloys have some disad-
vantages leading to post-operative pain (high weight
compared to the human biological environment, signifi-
cant thermal conductivity, possibility of oxidation by
other agents which may exist in the human body).
Metalose is an example of post-operative pain [4]. On
the other hand, alumina, which is proposed to replace
stainless steel, has the following advantages: biological
inertness, high hardness (HV = 2017 MPa), a low annu-
al wear rate (0.06 mm/year for a couple alumina/
UHMWPE), volume density (3.9 g/lcm?3), high fineness
(grain size < 1.5 um), high quality finish (< 1.5 pm). The
significant property making alumina a promoter mate-
rial to replace metallic ones is wear resistance [9].

In addition to previous cited advantages, the main
drawback of alumina is fragility (weak tenacity
< 3.5 MPa.m?) [3, 9].

It should be noted that the shoulder joint (gleno-
humeral joint) is subjected to heavy stresses due to the
high mobility compared to other organs of the human
body [5].

In this study, we seek to investigate the behavior of
alumina as a proposed material of the head, basically
its strength to crack propagation. First, we considered
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the total shoulder prosthesis and created a prior crack
in two different locations of the head, the subject held
his upper limb in abduction. We used Abaqus, known
as finite elements code, to simulate the mechanical
behavior of alumina in the presence of the prior crack,
so two cases to be considered. Needed data were im-
plemented in the software and we obtained results.

2. MATERIAL AND METHODS
2.1 Loading and Boundary Conditions

The subject undergoing total arthroplasty has a
weight which is assumed to be 100 kg.

The applied load is calculated according to Fig. 1,
where the upper limb was in abduction in this position,
the applied load is maximum. The weight of the upper
limb was determined according to the subject's weight [6].

Fig. 1 - Loading in the abduction position [8]

Rcos6°— M cosl5°=0
1

Msin15°- Rsin6°-P =0

where P is the weight of the upper limb, R is the contact
force between the head and the cup.

After calculations, the obtained values of compo-
nents of the contact force are illustrated in Table 1.

© 2020 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.12(6).06031

BELKACEM MEDDOUR

Table 1 - Components of the contact force

Forces

Rx (N) Ry (N) Rz (N)

318.24 33.4 0

Magnitude

To perform the simulation, taking into account load-
ing conditions shown in Fig. 1, and to have contact be-
tween the head and the cup, an intermediate part was
created which transmits the forces from the forearm to
the contact point (Fig. 2).

Fig. 2 — Loading and boundary conditions

The load providing from the forearm weight in ab-
duction is applied on the intermediate part, and the
cup is blocked.

2.2 Mesh

The two prior cracks were created on the outer edge
(depth =6 mm, angle=45°) and on the inner edge
(depth = 4 mm, angle = 45°). These values were overly
adopted to investigate the tenacity of the head made
from alumina. The used finite element is a four-node
tetrahedron C3D4.

Table 2 — Data of the mesh

Compo- Fist case Second case
b Number of |Number of |Number of |Number of
nents
elements [nodes elements nodes
Cup 26226 5477 47332 9606
Head 56089 11068 96092 18568

2.3 Materials of Implants

The components of the shoulder total prosthesis,
the head and the cup made, respectively, of alumina
and UHMWPE, and their mechanical characteristics
are illustrated in Table 3.

Table 3 — Characteristics of the materials

. Tenacity
Cronte | Material | YENETE | contieiont | treshold
(MPa.m!2)
Head alumina 400000 0.28 3.5
Cup UHMWPE 1000 0.39 -

All previous data were implemented in Abaqus
which is the calculation tool using finite elements
method.

3. RESULTS AND DISCUSSION

The results of simulation are limited to normal
stresses oz which cause the crack lips to open (first
mode of failure).
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The distribution of oz on the head is shown by the
following figure:
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Fig. 3 — Distribution of stresses oz: on the head

To determine the stress intensity factor Ki, the evo-
lution of the normal stress oz in a given direction
should be known. The investigation was performed on
lines of crack propagation AB and CD in addition to the
crack line EF.

The results are illustrated in Fig. 4.
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Fig. 4 — Evolution of stresses oz on investigation lines AB, CD
and EF in the first case

The distribution of o:: in the second case is shown
by the following Fig. 5.

Y

i,

Fig. 5 — Distribution of stresses cz- on the head

In the same way as the previous case, the investiga-
tion was performed on lines of crack propagation AB
and CD in addition to the crack line EF and the results
are presented in Fig. 6.
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Fig. 6 — Evolution of stresses oz on investigation lines AB, CD
and EF in the second case

The failure can be in one of the following 3 modes.

Model Mode2 Mode3
Ki Kiy Kin

Fig. 7 - The three modes of failure

Mode 1 is considered the most dangerous; therefore,
to check the strength of the crack propagation, we cal-
culate the stress intensity factor K.

The relationships between stresses and the stress in-
tensity factor are given by the following expression [7]:

lim o = % f(0) 2

r-0 Vs

The extrapolation method was used to determine K;
considering the following relations:

KI = Gzz 2nr (3)
Ki(r) = Ky (1) + 212 (r =)+ 2 e (= Xr 1)+ ()
B ) ()

21h?

where ri(i =0, n — 1) are the interpolating data points;
NKyj=1,n) are the progressive finite differences;
h=r;,;—r; is the distance between two consecutive
data points. The results of the calculation were put in
Table 4.

Considering the first case. Fig. 3 shows that the val-
ues of normal stresses oz do not exceed 7.4 MPa. The
evolution of the stress oz on the lines AB, CD and EF is
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shown in Fig. 4. On the AB line, the evolution of oz
looks as a relaxation and at the tip (point A) of the
crack oz = 0.4 MPa, and in the vicinity of the conical
hole (point B) 0z: =— 0.4 MPa which is due to compres-
sive loading. On the CD line, the stress o:- decreases
from 0.4 MPa at the circumferential tip of the crack
until — 1 MPa at the contact area between the head and
the cup and it is zero at the top of the head. Evolution
on the line EF reveals that cz: is almost constant and
positive on the % of the line of the crack and does not
exceed 0.4 MPa.

Table 4 — Values of the stress intensity factor K; for the two cases

Line of Number Stress inten-

extrapolation | of data points | sity factor Kr
First case AB 6 0.384
Second case AB 5 0.089

Considering the second case. The Fig. 5 oz values
are limited to 3.5 MPa. In Fig. 6, it is observed a little
relaxation of the stress oz: along the line AB from 0.275
to 0.030 MPa. The same figure shows a decrease in the
compressive stress oz along the line CD that is due to
the applied load of the head. Finally, on the line of the
crack EF the considered figure shows that the stress oz
is almost positive along it and increases from — 0.13 to
0.3 MPa. By using extrapolation, the stress intensity
factor K7 is determined by the expression (4). In both
cases, the obtained values of the stress intensity factor
K1 seem to be much lower than the tenacity threshold
of alumina (3.5 MPa.m'2) (Table 4).

4. CONCLUSIONS

As indicated earlier, the aim of this work is to study
the possibility of crack propagation of alumina selected
as a material to replace stainless steel; the component
of the total shoulder prosthesis intended to be studied
is the head.

To judge if alumina can be used as a head material,
we investigated its tenacity by finite elements method
using the Abaqus software.

To carry out the study in this paper, we first con-
sidered the position of the load, i.e. the upper limb is in
abduction, and the applied forces were determined. We
then considered the geometry of different components
and their material properties.

We created a prior crack in two different positions,
and different lines of investigation were selected to
expand the study. For each case, we considered the
appropriate geometry and implemented all necessary
data. The numerical simulation allowed to obtain the
results of distribution of normal stresses oz- which ap-
pear lower than expected, and the calculated values of
the stress intensity factor K; are much lower than alu-
mina tenacity one. To conclude, this study confirms the
strength of alumina to cracking under the applied load-
ing, therefore it can be used as the material of the head
of the shoulder prosthesis.
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MopenoBaHHS MOBEAIHKU TPiCHYTOI rOJIOBKH IIJIEY0OBOTO IIPOTE3a
Belkacem Meddour

Laboratoire d’Ingénierie et Sciences des Matériaux Avancés ISMA,
Department of Mechanical Engineering, Abbas Laghrour University, Khenchela, Algeria

Beamnera 310pos's mroneit € onHien 3 HAWBAKJIMBININX 1IN ypsiAiB kpaiH Bcroro ceity. [Ipunumenss
dyHKIIOHYBaHHSA 0yIb-IKOT0 OPraHy JIOJCHKOIO TljIa MOKe IIPU3BECTH JI0 HETATUBHOIO IICUXOJIOTIYHOIO Ta
disuuHOro cTaHy malfieHTa. 3aMiHa IONIIKOIYKEHOr0 OPraHy INTYYHHM y POOOTI PO3IVIAHYTA HA IIPUKJIAIL
ILJIEYOBOrO CyTJI00y, MOBHUM IIPOTE3 SIKOTO MOsKe OyTH IMILIAHTOBAHWUI JJIS BiSHOBJIECHHA (QYHKI[IOHYBAHHS
BEPXHBOI KIHINIBKHU. [IpaBuyIibHMI BUOIp MaTepiaiB I TAKOrO IIPOTe3YBAHHA € OTHUM 13 CydacHUX HAIIPs-
MiB gociimgxeHsb. MeTowo maHol poGoTH € MPOTHO3YyBAHHS MOIMUPEHHSA TPIIIUHY, IITYYHO CTBOPEHOI B TOJIOBIIL
IJIeY0BOro mpore3a. [lmedoBuil mpore3 CKIAIAETHCA 3 JIBOX KOMIIOHEHTIB: TOJIOBKH, BUTOTOBJIEHOI, SIK IIpa-
BIJIO, 13 HEPIKABIIOUOI cTasi a60 MeTaJIeBUX CIIABIB, TA YAIKH, KA MOXe OyTH BUTOTOBJIEHA 3 IIOJIETUJIEHY
3 HagBuCcokoI0 MosterysspHoo Maco (UHMWPE). BanpomonoBasum MaTepiasoM roJIoBKY € O10KepaMidHMM
TJIMHO3eM, BJIACTUBOCTL SIKOTO POOJISTH MOro IMEepCHeKTHMBHUM MAaTepiajioM [JIs 3aMIiHKM Hep:KaBiliodoi crasil
ab0 MeraseBUX CIIABIiB. Ase HAMOIIBII He0AKAHO BIACTUBICTIO MIIMHO3eMY € KpuxKicTh. Tomy 1uist mocori-
JIPKEHHSI MIITHOCT] IJIMHO3eMy OyJI IOIIepeHBO IITYYHO CTBOPEH] JedeKTH, a IS PO3UINPEHHS eKcIIeprMe-
HTY OyJIM PO3TJISHYTI [Ba BHIAIKU PO3TAIIyBAHHS IIOIEPESHBO CTBOpeHOI Tpirmuuu. JlocimkeHHs IpoBo-
IAJIUCh METOJ0M MOJEJIIOBAHHS 3 BUKOPHUCTAHHAM KOy O0UYMCIIeHHS KiHIeBUX esieMeHTiB Abaqus. Buximai
JIaHI: peari3oBaHO TeOMEeTPII0 JIBOX CKJIAJIIB IIEYOBOTO IIPOTe3a IIPU HABAHTAMKEHHI Ta BUBYEHO MEXaHITHI
BJIACTUBOCTI PO3TJISTHyTOro Marepiany. OTpuMaHi pe3yJbTaTH CTOCYBAJIMICh HOPMAJIBHUX HAIPY;KeHb HAa
BepXIiBIIl Ta JIHII IOMMPEHHA IIONePeIHbB0 CTBOPEHMX TPIwH. JI/1a OIiHKKY MIITHOCTI TJIMHO3eMY IIPOBEICHO
pPO3paxyHOK KoedillieHTa iHTeHCHMBHOCTI HampyskeHocTi. OcTaTouHl pe3ysIbTATH y OBOX BUIAJKAX BHUSABJIA-
FOTH MOKJIMBICTh BUKOPUCTAHHS TJIMHO3EMY SIK MaTepialy IJIeY0BOl BCTABKH.

Kmiouosi cnosa: Biokepamika, ITpores, 3'equanua, Mimuicts, Kinmiska.
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