Proceedings of the International MultiConference of Engineers and Computer Scientists 2010 Vol III,
IMECS 2010, March 17 - 19, 2010, Hong Kong

Finite Element Analysis of Cemented Hip
Arthroplasty: Influence of Stem Tapers

Abdul H. Abdullah, Mohd N. Mohd Asri, Mohd S. Alias and Tardan Giha, Member, IAENG

Abstract—Design of hip prosthesis is believed to be an
important factor to minimize the aseptic loosening problems and
to encourage long term stability. The numerous changes in the
cemented femoral stem design have been intended to improve
the long term performance of the implants, although have had
other negative consequences. In this study, a finite element
model of the implanted proximal femur to examine stresses
behaviors in cemented hip arthroplasty with different tapered
design of prosthesis. The calculated stress distribution is
discussed with respect to stress shielding and bone remodeling
issues in THR femur case. The taper of the prosthesis were
design to be 3° at anterior/posterior, 3° at medial/lateral and 10°
from wide lateral to narrow medial. Two different load cases
representing walking (toe-off phase) and stair-climbing
activities are investigated. Proper stress and strain distribution
along the femur will enhance bone growth and keep the femur to
function as normal as intact femur.

Index Terms— aseptic loosening, hip arthroplasty, stem
tapers, stress shielding.

1. INTRODUCTION

Cemented hip arthroplasty become popular since it was
introduced by John Charnley in 1972. The long-term clinical
follow-up  studies have demonstrated outstanding
performance of Charnley’s prosthesis. However, the
challenge of aseptic loosening of prosthesis remains,
frequently reported in young and active patients. It is due to
heavy mechanical demands on their reconstructed joints. The
design of hip prosthesis is believed to be an important factor
to minimize the aseptic loosening problems and to encourage
long term stability. Aseptic loosening may occurred due to
biomechanical factors such as osteolysis induced by wear
debris of bone cement, cement mantle fracture, and poor bone
remodeling triggered by stress shielding [1-2].

Nowadays, the Charnley prosthesis is still the most
commonly implant used and is regarded as the reference
designs. A large number of long term clinical follow up
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studies have shown that the Charnley prosthesis, especially its
femoral component with polished surface finish, has greatly
performed. Its also became a main references of evolutionary
in new designs of femoral stem. For example, more than a
hundred different type of prosthesis were used in Sweden
from 1967 to 1990 [3]. The numerous changes in the
cemented femoral stem design have been intended to improve
the long term performance of the implants, although have had
other negative consequences. In many cases, in attempting to
solve on particular problem, another problem has
inadvertently been introduced [4].

Revolutionary of prosthesis design continues with
improvement of Charnley prosthesis with taper in the
anterior/posterior plane and it was known as Charnley’s
Flatback. Later in early 1970s, Robin Ling designed a double
tapered prosthesis which identically had a second taper in
medial/lateral plane [S5]. The prosthesis was highly polished,
collarless, and stainless steel was also known as Exeter
prosthesis. It is reported that it was successfully reduced
aseptic loosening problems after 21 years follow-up period
[4]. In conjunction to the successor of prosthesis design,
Wroblewski has design and implanted a collarless, polished
and triple tapered prosthesis since early 1990s. Results at 5
years suggested that the theoretical benefits of the stem are
being realized clinically [5]. The modifications were keep
established by improving different designs and parameters
such as taper stems, stem sizes, materials used and surface
roughness. Every modified parameter is believed to improve
overall performance but it may also contribute to others
failure.

The aim of this study was to use a finite element model of
the implanted proximal femur to examine stresses behaviors
in cemented hip arthroplasty with different tapered design of
prosthesis. The calculated stress distribution is discussed with
respect to stress shielding and bone remodeling issues in THR
femur cases.

II. FINITE ELEMENT MODEL

Finite element (FE) model of the intact femur was
reconstructed from a normal healthy bone dataset [6]. The
model was reconstructed and rigorously examined for the
biomechanics responses to physiological loads. Since the
top-half region of the femur is of particular interest, only this
part was considered in the analysis. The femur model was
discretized into 44,714 elements using ten-node quadratic
tetrahedron elements. Similar femur geometry was modified
to represents THR femur cases with Charnley’s prosthesis.
Effects of different types of taper prosthesis on the resulting

IMECS 2010



stresses were considered using two additional FE models.
Different prosthesis geometry is illustrated in Figure 1 which
represent single taper, double taper and triple taper prosthesis
while straight prosthesis as reference. The taper of the
prosthesis were design to be 3° at anterior/posterior, 3° at
medial/lateral and 10° from wide lateral to narrow medial. All
the model were discretized into 31 490, 35 819, 42 475 and 42
838 elements for straight, single taper, double taper and triple
taper THR model, respectively. A uniform thin layer (1 mm)
of PMMA bone cement fills the interface between the
prosthesis and the bone. All contact surfaces were assumed to
be perfectly bonded. All models were design based on
original Charnley prosthesis which differs at taper bar only.
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B. Loading and Boundary Conditions

Two different load cases representing walking (toe-off
phase) and stair-climbing activities are investigated. These
loads represent combination of joint contact forces and
muscles forces that are equilibrated by the forces in the knee
joint [8]. Cartesian force components from various active
muscles are listed in Table 2 for the two activities of walking
and stair-climbing. These values are derived from previous
work involving in-vitro tests of hip joints for a person with
nominal body weight of 800 N [9,10]. The corresponding
loads are applied at various points on the model while the
middle section of the femur (plane 1-2) is assumed to be a
fixed end of the model, as illustrated in Figure 2. Such
assumed boundary condition will introduced high stresses in
the locality.

A

Idealized loading points representing active muscle forces and
boundary condition

1

2

fixed

Figure 2.

TABLE IL. LOCATION AND MAGNITUDE OF HIP JOINT CONTACT AND
MUSCLES FORCES DURING (A) WALKING AND (B) STAIR- CLIMBING ACTIVITY
(BODY WEIGHT = 800 N)

Figure 1. Different designs of prosthesis (a) straight, (b) single taper, (c) Point (a) Walking (Toe-off phase)
double taper and (d) triple taper Forces (N) X Y Z
PO Joint contact force -433,8 -263,8 -1841,3
A. Materials Properties Abductor 465,9 34,5 695
The bone is assumed to consist of the cortical or hard shell Tensf’r fascia lata, 57,8 932 106
and cancellous or spongy core. The prosthesis is made of P1 | proximal p a.ﬂ
Ti-6Al-4V  alloy while the bone cement is Tensor fascia lata, 4 5.6 -152,6
polymethyl-methacrylate (PMMA). Elastic moduli and distal part
Poisson ratios of these materials are shown in Table 1 [1,7]. P2 Vastus Lateralis 12 148,6 -746,3
All materials were assumed to behave elastically throughout
the loading.
TABLE L MECHANICAL PROPERTY OF MATERIALS USED IN FE MODEL Point (b) Stair-climbing
Mechanical Property E (GPa) v Forces (N) X Y Z
Cortical bone 17 0.33 PO Joint contact force -476.4 -486,8 -1898,3
Cancellous bone 15 033 P1 Abductor 563,1 231,4 682,1
Ti-6Al-4V 110 0.30 IllO-t.lblal tract, 84.4 24,1 102.8
PMMA 2 0.33 proximal part
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Ilio-tibial tract,
. -4 -6,4 -135,0
distal part
Tens.or fascia lata, 249 39.4 233
proximal part
T.ensor fascia lata, 1.6 24 520
distal part
P2 Vastus Lateralis -17,7 180 -1085,3
P3 Vastus Medialis -70,7 318,1 -2145.8

III. RESULT & DISCUSSION

Results of the analysis are presented and discussed in terms
of Tresca stress distribution and maximum principal stress.
Three different levels in each model are focused that are (1)
the proximal resection level, (2) the midsection and (3) the
distal level of prosthesis as in Figure 3. All respected level
represents optimum results due to bending stress effects. The
stress analyses are plotted for cortical surfaces and interfaces
during walking (toe-off phase) and stair-climbing load cases.

Proximal Re-Section

Mid Section

Posterior -90°

Medial 0° Lateral + 180°

Arterior 90°
Distal Section

Figure 3. Different respective level of THR femur

A. Variation of Tresca Stress Distribution

Both walking and stair climbing load cases experienced
similar trends of stress distribution along the cortical bone.
Figure 4 shows the stress distribution along the intact femur
which represents the normal stress distributed under walking
and stair climbing activities. Basically, the trends of stress
distribution quiet similar on both loading and magnitude of
stress in stair climbing remain higher. Higher stresses are
predicted for stair-climbing load case which is subjected to
additional forces from ilio-tibial tract and vastus medialis
muscles.
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(b) stair climbing

(a) walking

Figure 4. Tresca stress distribution in intact femur under different loading

Implantation of hip prosthesis causes the load transfer and
stress state within the treated femur to be altered [11].
Different types of prosthesis will give different results. Taper
prosthesis is believed to give the most similar trends as intact
femur and capable to reduce stress shielding problem.
Contour plots as illustrated in Figure 5 and Figure 6 shows the
results of THR femur in different prosthesis in walking and
stair climbing load cases, respectively. Triple taper prosthesis
experienced the highest Tresca stress as compared to the
others. For straight and single taper prosthesis, the stress was
concentrated at the neck of the prosthesis. But, there were
different for double and triple prosthesis. The stress was high
and concentrated to the distal of the prosthesis. This
phenomenon will decreased the load transfer at the medial
region of the cortical. Hence, it will encourage the prosthesis
to fail and then triggered loosening especially at the distal of
prosthesis. The taper prosthesis was failed to transfer the load
to cortical bone. Furthermore, it s only encouraged stress
shielding and bone resorption problems.

B. Maximum Principal Stress Distribution

Variation of the maximum principal stresses in the cortical
surface of the femur for various THR femur cases are shown
in Figure 7 for walking and stair-climbing load cases. The
stresses are plotted along the length of the femur in the lateral
plane. Results show similar trends in principal stress
variations for THR femurs compared to that of intact femur
for both loading cases. The stress magnitude increases from
the neck to middle region and peaks at locations coinciding
with the tip of the prosthesis. This stress localization is
associated with the sudden transition of bending effect at the
tip of the prosthesis stem. Similar stress magnitude and
distribution as found in intact femur will ensure appropriate
bone remodeling in THR femur. Since the medial plane is
subjected to compressive bending effect, it is dominated by
the minimum principal stresses. Artificially high stress
associated with the fixed boundary conditions is calculated at
fixed end of the femur model.
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Figure 5. Tresca stress distribution in THR femur for different types of prosthesis at walking load case
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Figure 6. Tresca stress distribution in THR femur for different types of prosthesis at stair climbing load case

The low stress at the most proximal region especially at the
medial aspect explains why clinical results always report
extensive bone resorption at that corresponding area [12].
This phenomenon is known as stress shielding effect, where
that particular femur region is not being stressed properly.
Consequently, it will become weak and therefore fracture
easily. Bone loss is identified as the major reason of stem
loosening. Such mechanical failure will also cause pain on the
patient [13]. The results shows that the stress difference
between intact femur and THR femur in the proximal region
were higher in taper prosthesis. The different in straight
prosthesis was only 25pct but it became higher in taper
prosthesis. Double and triple taper prosthesis increased the
difference up to 50-60 pct. These results were remains similar
for both loading cases.

The midsection (2) level or vicinity of the start of the
tapered stem region shows the critical difference. The
difference in proximal resection (1) level was not too obvious
while distal prosthesis (3) level focused on stress
concentration due to bending stress.

Distal region shows quiet similar results with higher stress
in all THR femurs. The high stress will leads to bone
thickening at that region. Both bone loss and bone thickening
phenomenon happen due to the different stiffness of the
implant compared to the intact femur that causes stiffness
mismatch [13]. The implant which is much stiffer than bone
carries the majority of the load. Therefore, the load will be
transferred down along the implant until the distal tip of the
stem. Then, only that it will being highly transferred to the
cortical bone.

ISBN: 978-988-18210-5-8 IMECS 2010

ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)



I
—intact femur
~— straight

single taper
double taper
— triple taper

INA

TN\

Maximum Principal Stress (MPa)

-180 -90 0 920 180

Proceedings of the International MultiConference of Engineers and Computer Scientists 2010 Vol III,
IMECS 2010, March 17 - 19, 2010, Hong Kong

— intact femur
— straight
single taper

double taper
/\ Eewties
s A N
¢
\ i \
0 F— AN

Maximum Principal Stress (MPa)

-180 -90 0 920 180

(1) the proximal resection level

—intact femur

— straight
single taper
double taper

—triple taper

N
3

-

Maximum Principal Stress (MPa)
3

7

e

-180 -90 0 920 180

30

T
—intact femur
~— straight
single taper
double taper
—triple taper
20

Maximum Principal Stress (MPa)
3
—

-10
-180 -90 0 90 180

(2) the midsection

a0

40
— intact femur — intact femur
— straight — straight
30 single taper 30 single taper
5 double taper E double taper
£ — triple taper £ — triple taper
F ]
e I
& ]
3 =~ S
220 g 20
T
£ £
& o \/\
£ E
3
E H
= %
2 \ 2
10 \ 10 Y
> -~
=
0 - — o
-180 -90 0 20 180 -180 -90 o 90 180
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Figure 7. Variation of maximum principal stresses in cortical surface at different level for walking load case (left) and stair climbing (right)

Based on the results, taper prosthesis was not a good
solution to reduce stress shielding problems in proximal
region but also make it worst. In conjunction, it will also
encourage the aseptic loosening and instability of the
prosthesis. These results were contrast with some other
findings. Wroblewski has designed a collarless, polished,
triple-tapered stem which based on laboratory result; the stem
has shown superior axial and torsional initial and final
stability when compared with other taper stems.
Theoretically, taper prosthesis wills minimizes friction at the
cement-implant interface, and allows for the axial load to be
converted by the tapers into radial compressive forces that
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load the entire femur. Besides, it is also capable to maintain
proximal bone quality and avoid the stress shielding that
inevitably occurs in all forms of femoral stem fixation [5].
The contrast results between this study and others
researchers may due to different prosthesis models. In this
study, all prosthesis was modeled based on original Charnley
prosthesis and the only different is the different taper bar to
avoid other parameter infections. Unlike other studies that
used different models of taper prosthesis in their analysis.
This models differs in few parameter such as sizes, neck
section and else. For examples, Charnley flatback is
commonly used for single taper analysis, while Exeter and
C-stem used for double and triple taper, respectively.
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Different approach of certain design may need a total Change [12] C.J. Sychterz and C.A. El’lgh, “The Influence of Clinical Factors on
Periprosthetic Bone Remodeling,” Clinical Orthopaedics and Related

to get better results. In this case, different design is needed in Research, 1996, pp. 285-292.
order to build up better taper prOSthESiS' Taper design of [13] R.D. Jamison, “Fabrication and Characterization of a Composite
prosthesis may give better results on correlations with other Material Human Hip Prosthesis.” Proc. The Third Joint ASCE/ASME
approaches. Mechanics Conference, 1989.

IV. CONCLUSION

Proper stress and strain distribution along the femur will
enhance bone growth and keep the femur to function as
normal as intact femur. The design of the prosthesis plays a
big role in order to reduce stress shielding problems. Taper
prosthesis is not a promise to enhance stem stability and to
reduce aseptic loosening.
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