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Abstract

Forces applied to the implant due to human activity generate dynamic stresses varying in time and resulting in the fatigue failure of
implant material. Therefore, it is important to ensure the hip prostheses against static, dynamic and fatigue failure. Finite element method
has been used in orthopedic biomechanics as an important tool in the design and analysis of total joint replacements and other orthopedic
devices. In this study, four stem shapes of varying curvatures for hip prosthesis were modeled. Static, dynamic and fatigue behavior of
these designed stem shapes were analyzed using commercial finite element analysis code ANSYS. Static analyses were conducted under
body load. Dynamic analyses were performed under walking load. Pro/Engineer was used for CAD modeling of the stem shapes. Fatigue
behavior of stem shapes was predicted using ANSYS Workbench software. Performance of the stem shapes was investigated for Ti-6Al-
4V and cobalt—chromium metal materials and compared with that of a commonly used stem shape developed by Charnley.

Published by Elsevier Ltd.

Keywords: Femur; Implant; Stem; Fatigue; Dynamic analysis; Finite element method

1. Introduction

Total hip replacement is successfully applied to the
patients affected by hip diseases [1-4]. Forces applied to
the prosthesis due to human activity generate dynamic
stresses varying in time and resulting in the mechanical fati-
gue failure of implant material. Therefore it is important to
ensure the hip prostheses against fatigue failure. The fatigue
failure of hip prostheses was reduced significantly in the
past two decades [5,6]. However, every new implant design
has to be ensured against the fatigue failure. Performance
and success of long-term survival of cemented total hip
arthroplasty (THA) is related to the attachment of the pros-
thesis to the bone. Cement-metal interface failures, separa-
tion of the stem-cement interface and fractures in the
cement may initiate the initial loss of the fixation of the
implant [7]. Particularly, interface debonding and cement
fatigue failure are now likely to cause long-term loosing
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of the implant, according to damage accumulation failure
scenario for cemented THA stems [8]. If the stem shape
design leads to high stresses in fixation areas of the prosthe-
sis, fracture in short term or fatigue failure in long term of
the prosthesis is quite likely to occur. Several researches
have been conducted to investigate the stress and fatigue
behavior of prostheses under static body load conditions.
In the literature, to simulate fatigue damage of implant,
finite element models in association with cement damage
algorithms have been used [9,10]. In several previous works
[9,11-15], three-dimensional analysis of the mechanical
interaction between a femoral stem and the femur in a hip
arthroplasty was performed. The standard femur geometry
was used to produce the finite element mesh of the cortical
and cancellous bone. Similarly in another study [16] a quasi
three-dimensional finite element model for fatigue analysis
of the hip implant was initially developed. The side-plate
concept was introduced to account for the three-dimen-
sional structural integrity of the cement and cortical bone
and to recover the hoop stress in the cement mantle as mem-
brane stress. This was achieved by an appropriate calibra-
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tion of the geometric parameters. Two different damage
rules; linear and non-linear, were proposed to produce
two different damage evolution algorithms for the estima-
tion of the fatigue lifetime. In another work by the same
author, the generated algorithm was implemented in the
finite element code ABAQUS [17].

In this work, the fatigue analyses of four different
implant geometries were performed. For the analysis
three-dimensional model of femur, cement and implant
were constructed. The implant and bone-cement were
designed according to femur geometry. By using these geo-
metric models finite element models were constructed. The
analyses were performed using ANSYS Workbench finite
element software. Two different material properties were
tested for each geometry type. In order to determine the
behavior of the implant walking load was used. In the anal-
ysis, a viscoelastic material model is utilized for bone-
cement. At the end of the analyses, the most appropriate
geometry type and material for the implant that should
withstand to fatigue loading was determined.

2. CAD and finite element model
2.1. CAD model

Stem shapes have significant influence on the perfor-
mance of prostheses. Stem shapes with smooth surfaces
generally reduce stress concentrations and lead to high fati-
gue life of the prosthesis. Stem shapes with sharp or non-
smooth surfaces provide good bonding capability at the
interface and prevent possible sliding at the interface. The
level of stress concentration and tendency for fatigue failure
depend on the sharpness of the stem surfaces. In this study,
four different stem shapes with varying surface curvatures
are designed to achieve both good bonding capability at
the interface and high fatigue life of the prosthesis. The stem
shapes those were analyzed in this study are shown in Fig. 1.
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For the femur geometry the standardized model of Vice-
conti et al. [18] was used. The IGES data of femur was
imported into Pro/Engineer and solid model of the femur
was created after truncating the model. CAD model of
the complete prosthesis is imported into ANSYS 8.0 pre-
processing environment to create the finite element model
required in the analyses. Stem shapes have diameters of
15 mm and 10 mm at thick and thin sections, respectively.
Stem lengths are 85 mm. The bone-cement mantle is
approximately 4 mm. Curved stem has radius of 50 mm.
Notched stem has corner radius of 3 mm.

2.2. Finite element model

Finite element model required in FE analysis is created
by discretizing the geometric models shown in Fig. 1 into
smaller and simpler elements. The discretization was per-
formed in ANSYS environment. The three-dimensional
solid model assembly of femur, bone-cement and implant
was transferred to ANSYS Workbench by direct interface.
ANSYS Workbench automatically recognizes the contacts
existing between each part and establishes the contact con-
ditions for corresponding contact surfaces.

To build the finite element model, femur, bone-cement
and implant were meshed using a higher order three-
dimensional solid element; SOLID187 which has a qua-
dratic displacement behavior and is well suited to modeling
irregular meshes (such as those produced from various
CAD/CAM systems). The element is defined by 10 nodes
having three degrees of freedom at each node: translations
in the nodal x, y, and z directions [19].

For modeling the contact and sliding between femur—
bone-cement interface and the bone-cement-implant inter-
face, CONTA174 and TARGEI170 elements were used.
CONTAL174 element was located on the surfaces of 3-D
solid element, SOLID187. TARGEI170 is used to represent
various 3-D “target” surfaces for the associated contact
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Fig. 1. Stem types (Charnley, straight, notched and curved).
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element CONTA174. The contact elements themselves
overlay the solid elements describing the boundary of a
deformable body and are potentially in contact with the
target surface, defined by TARGE170. CONTA174 has
the same geometric characteristics as the solid element face
with which it is connected. Contact occurs when the ele-
ment surface penetrates one of the target segment elements
(TARGE170) on a specified target surface. Coulomb and
shear stress friction are allowed.

Completely bonded contact type was chosen as contact
condition for contact surfaces. According to Nuno and
Avanzoli [20], the coefficient of friction was experimentally
measured between 0.17 and 0.32 for polished or satin finish
stem surface and bone-cement material poly methyl meth-
acrylate (PMMA). The coefficient of friction value of 0.2
was used in this study.

Three different finite element models, each consisting
different implant type were prepared. Each complete model
consisted of around 72,458 elements and 88,000 nodes. The
femur consisted of 7800 elements, the bone-cement con-
sisted of 8700 elements and the implant consisted of
40,000 elements. The rest of about 16,000 elements were
used for contact and target elements. Fine mesh was
applied to the implant models. The finite element model
of the femur, the bone-cement and the implant are shown
in Fig. 2.

2.3. Material models

Two different materials for implant were used in the
finite element simulation. These materials are Ti-6Al-4V
and cobalt-chromium alloy. Behaviors of these materials
are represented with linear isotropic material models.
Mechanical properties of Ti-6A1-4V and cobalt—chromium
alloy are shown in Table 1. The alternating stress versus
number of cycles (S—N curve) for implant materials used
in this study for fatigue calculations was given in logarith-
mic scale in Fig. 3.

To account for the effect of the bone behavior on the
prosthesis accurately, inner and outer sides of the bone
(cancellous bone and cortical bone) are modeled with dif-
ferent material properties. Inner side of the bone (cancel-
lous bone) is represented with transversely isotropic

Table 1
Mechanical properties of stem materials

Material Young’s modulus  Poisson  Yield strength
(GPa) ratio (v) (MPa)

Ti-6Al-4V 110 0.32 800

Cobalt—chromium alloy 220 0.30 720

material model (E, = E, =11.5 GPa, E. =17 GPa; G, =
3.6 GPa, G..=G,.=33GPa; v,,=0.1,
0.31 GPa) [21]. Outer side of the bone (cancellous bone)
is modeled with linear isotropic material model of
E =2.13 GPa and v = 0.3. Cement (polymethyl methacry-
late) is modeled with linear isotropic material model of
E=2.7GPa and v=0.35 [20]

ber = 5.168 x 107 °¢" 85870717 [21,22],

Vxz = Vyz =

(2.1)

where &, is the creep strain rate, ¢ the equivalent Von
Mises stress (MPa), and ¢ the time at end of substep (h).

2.4. Loading conditions

For static analysis, a load of 3 kN (Fy.tc) with an angle
of 20° is applied on the surface of the implant bearing as
shown in Fig. 3. Static load represents a person of 70 kg
[23]. An abductor muscle load of 1.25 kN (Fupductor muscle)
is applied at an angle of 20° to the proximal area of the
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Fig. 3. S-N curve for implant materials; Ti-6Al-4V and cobalt-chro-
mium alloy.
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Fig. 2. Finite element models of (a) Charnley stem shape, (b) Stem-1, (c) Stem-2, (d) Stem-3, (e) Stem-4, (f) bone-cement and (g) femur.



1580 A.Z. Senalp et al. | Materials and Design 28 (2007) 1577-1583

greater trochanter. An ilio tibial-tract load of 250 N
(Filio tibial-tract) 18 applied to the bottom of the femur in
the longitudinal femur direction. Distal end of the femur
is constrained not to move in horizontal direction.

For dynamic analysis, time-dependent walking load
(Fdynamic) 1s applied as shown in Fig. 4. Time history of
the dynamic load components for 5s is demonstrated in
Fig. 5.

3. Finite element analysis and results

Static and dynamic analyses of the prosthesis should be
conducted to ensure about the safety of the design. In the
literature, prostheses are often designed according to the
results of static analysis. Static finite element (FE) analyses
are mostly conducted under body weight loads. However,
dynamic effects may add up to about 10-20% or more load-
ing to the prosthesis which must be taken into account not

Fahdumor ruscle Fahductm ruscle

Fitio 1iial-tract Fitio ibiatraect

Fig. 4. Applied forces on the bone-cement—prosthesis assembly.
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Fig. 5. Time history of walking load components on the prosthesis.

to cause fracture or fatigue failure of the prosthesis. To
investigate how static and dynamic analysis results differ
from each other, prosthesis is analyzed under static body
weight load and dynamic walking load.

Finite element analyses of the prosthesis are carried out
using ANSYS on a P4 2.0 GHz Intel processor PC. Anal-
yses take about 20 h of CPU time. Von Mises stresses in
the stem shapes resulted from static and dynamic finite ele-
ment analyses are shown in Figs. 6-9.

It is important that the maximum equivalent stress on
the prostheses should be lower than the endurance limit
of the prosthesis materials for safety. The calculated Von
Mises stresses as shown in Table 2 are much lower than
the yield stresses of Ti—-6A1-4V and cobalt—chromium alloy
given in Table 1. This means, prosthesis with all stems is
safe for stress condition.

4. Fatigue analysis

A good implant design should satisfy maximum or an
infinite fatigue life. This can only be ensured by physical
testing or a fatigue analysis. In this study, fatigue life of
the prosthesis upon finite element stress analysis is pre-
dicted using the computer code of ANSYS Workbench
[19]. Fatigue calculations of the implant are conducted
for Ti-6Al-4V and cobalt-chromium alloy materials. In
fatigue calculations, fatigue material models shown in
Fig. 9 are used. Fig. 9 known as S—N curves shows fatigue
properties of Ti—6Al-4V and cobalt—chromium alloy in
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Fig. 6. Stress distribution on the stem shapes under static loading for
Ti—6Al-4V material.
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Fig. 7. Stress distribution on the stem shapes under static loading for
cobalt—chromium material.
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Fig. 8. Maximum stresses that occur on the stem shapes under dynamic
loading for Ti-6Al-4V material (time = 2.7 s).
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Fig. 9. Maximum stresses that occur on the stem shapes under dynamic
loading for cobalt-chromium material (time = 2.7 s).

Table 2

Maximum Von Mises stresses of stem shapes under static and dynamic
loading

Stem shapes Maximum Von Mises

stress (static) (MPa)

Maximum Von Mises
stress (dynamic) (MPa)

Ti-6A1-4V Cobalt— Ti—6A1-4V Cobalt—
chromium chromium
Charnley 179.3 1934 207.4 221.5
Stem-1 162.9 182.1 189.8 210.9
Stem-2 151.2 169.7 172.8 194.4
Stem-3 145.6 160.2 169.9 184.4
Stem-4 147.2 162.9 172.9 188.6

terms alternating stress versus number of cycles. Fatigue
life of prosthesis is calculated based on Goodman, Soder-
berg, Gerber and mean-stress fatigue theories.

Stress life (S/N) approach was used for determining the
fatigue life of the implant materials. This approach is useful
for the initial process of materials selection of implant
materials that will be subjected to high cyclic loading con-
ditions. The advantage of this approach is that it represents
both initiation and propagation of cracks in the aggressive
environment [24].

In the finite element model, the materials (bone, metal
and cement) are considered to be elastic and the analysis
was performed according to infinite life criteria (10° cycles).
Therefore, the stress amplitude was ensured to be lower
than the lowest stress on the SN curve.
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Fatigue analyses were performed according to Good-
man, Soderberg, Gerber and mean-stress curve options.
Mean stress o, is defined as

(amax + O-min)

m = 4.1
o y (4.1)
and alternating stress as

- (Gmax - Gmin) (42)

2

According to Goodman theory any combination of mean
and alternating stress that lies on or below the Goodman
line which is defined by

()+()-+

will have infinite life. Here N stands for safety factor, S, for
endurance limit and S, for ultimate tensile strength of the
material. According to Soderberg approach any combina-
tion of mean and alternating stress that lies on or below
the Solderberg line defined by

) (3)-3

will have infinite life. Where Sy is the yield strength of
material. Unlike Goodman and Soderberg, Gerber ap-
proach is not linear in form and Gerber line is defined by
the equation

No, Nam2
=1
() (52)

under which is defined to be safe region. The Goodman,
Soderberg and Gerber options use static material proper-
ties along with S—N data to account for any mean stress
while mean-stress curve option offered by ANSYS uses
experimental fatigue data to account for mean stress.

During the simulation process, all input data was pre-
pared using finite element Von Mises stresses in the femur,
bone-cement, implant and bone-cement—implant interface
were calculated.

(4.3)

(4.4)

(4.5)

5. Fatigue analysis results

Von Mises stresses obtained from finite element analyses
are utilized in fatigue life calculations. All fatigue analyses
are performed according to infinite life criteria (i.e.,
N = 10? cycles). Minimum safety factors for the prostheses
based on infinite life criteria are given in Tables 3 and 4 for
Ti-6A1-4V and cobalt-chromium alloy materials under
static loading condition.

From Tables 3 and 4, it is seen that all new stem shapes
have higher safety factor values than Charnley’s stem shape
according to all fatigue criteria. This means that new stem
shapes are better and have higher fatigue lives than Charn-
ley’s stem shape when static loading case is considered.
Among new stem shapes, Stem-3 and Stem-4 are better
than the others in fatigue life. Stem-3 is the best of all. This

Table 3
Minimum safety factor of stem shapes for Ti-6Al-4V material (static
analysis)

Fatigue theories Minimum safety factor

Charnley Stem-1  Stem-2  Stem-3  Stem-4
Mean stress curve  2.74 2.94 3.08 3.27 3.24
Goodman 2.23 2.41 2.54 2.67 2.65
Soderberg 2.18 2.37 2.49 2.62 2.60
Gerber 2.65 2.85 2.98 3.16 3.14

Table 4
Minimum safety factor of stem shapes for cobalt-chromium alloy material
(static analysis)

Fatigue theories Minimum safety factor

Charnley Stem-1  Stem-2  Stem-3  Stem-4
Mean stress curve  1.92 2.05 2.16 2.29 2.26
Goodman 1.56 1.68 1.77 1.86 1.85
Soderberg 1.25 1.66 1.74 1.85 1.82
Gerber 1.86 2.00 2.10 2.21 2.19

Table 5
Minimum safety factor of stem shapes for Ti-6Al-4V material (dynamic
analysis)

Fatigue theories Minimum safety factor

Charnley  Stem-1  Stem-2  Stem-3  Stem-4
Mean stress curve  2.20 2.35 2.46 2.61 2.59
Goodman 1.78 1.92 2.03 2.13 2.10
Soderberg 1.74 1.90 1.99 2.10 2.08
Gerber 2.12 2.28 2.38 2.54 2.51

Table 6
Minimum safety factor of stem shapes for cobalt-chromium alloy material
(dynamic analysis)

Fatigue theories Minimum safety factor

Charnley Stem-1  Stem-2  Stem-3  Stem-4
Mean stress curve  1.53 1.64 1.72 1.84 1.80
Goodman 1.25 1.35 1.42 1.48 1.40
Soderberg 1.00 1.32 1.40 1.48 1.45
Gerber 1.49 1.60 1.68 1.77 1.75

is true for both Ti-6A1-4V and cobalt—chromium alloy
materials. The best stem shape for fatigue under static
loading is Stem-3 made of Ti-6Al-4V material.

Safety factors for Ti-6Al-4V and cobalt-chromium
alloy materials under dynamic loading condition are illus-
trated in Tables 5 and 6, respectively. Again as in static
loading case, Stem-3 and Stem-4 are better than the others.
Stem-3 is the best of all if it is made of Ti—-6Al-4V material.
Safety factor also differ under static and dynamic loading
conditions. This indicates that stem shapes predicted to
be safe against fatigue under static loading may fail under
dynamic repetitive loadings.

6. Conclusion

The aim of this study was to determine the fatigue endur-
ance of cemented implant. In this study, four different stem
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shapes for hip prosthesis are designed. Stem shapes have
geometries of varying curvatures. First stem has standard
straight geometry. The other two have notched geometries
and the last one has curved geometry. The notched and
curved types are designed to reduce sliding of the implant
in the bone-cement and to stick the implant to the bone-
cement securely. Static and dynamic FE analyses of stems
have been conducted using ANSYS. Based on static and
dynamic FE analysis results, safety factors for fatigue life
have been calculated. Fatigue calculations have been car-
ried out for Ti-6Al-4V and cobalt—chromium alloy materi-
als based on Goodman, Soderberg, and Gerber fatigue
theories. All calculations are performed according to the
infinite fatigue life criteria.

Finite element analyses in this study show that all stem
shapes are safe against fatigue failure. The best stem shape
for fatigue under static loading is Stem-3 made of Ti-6Al-
4V material. Stem-3 made of Ti-6Al-4V material is also
best under dynamic loading. However, safety factors differ
under static and dynamic loading conditions. This indicates
that stem shapes predicted to be safe against fatigue under
static loading may fail under dynamic repetitive loadings.
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