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[5]. Completo et. al. [6] in their study support that short
stems produce a minor effect in bone relative to long stem in
terms of stress shielding and stress concentration at tip region.
Overall, all stems provoked high stress concentrations in
bone at the tip of the stem. A plate is attached to the tibia
within the region of the stem tip to reduce stem tip pain
which is analyzed by Kimpton et. al. [7]. Their results
demonstrate that the plate reduces stress concentrations in
the bone at the stem tip of the implant. The magnitude of
stress reduction is dependent upon plate location, material
and attachment method. A parametric study investigated the
effects of prosthesis fixation design changes, which included
the presence, length and diameter of a central stem, the use
of fixation pegs beneath the tray, all-polyethylene versus
metal-backed tray, prosthesis material stiffness, and cement
mantle thickness [3]. It is concluded that design features such
as longer stems reduced bone and bone–cement interfacial
stresses thus the risk of loosening is potentially minimized,
but at the expense of an increased tendency for bone
Index Term-- Knee replacement, shape optimization, von resorption. The stress level at the interface of the tibia and
Mises stress, stress shielding, bimaterial, finite element analysis.
femoral component is lower for increased sagittal radius, as
concluded by Mallesh and Sanjay [8]. Shear stress and von
Mises stresses are increased with increase in the flexion
1. I NTRODUCTION
After knee replacement surgery the stiffer implant angle which is to be optimized. A parametric analysis of
carries the majority of the load, which was actually carried fixation post shape in tibial knee prostheses has been studied
by the bone itself before implantation. The resulting implant by Au et. al. [9]. In terms of interface forces, a tapered post
induced stress-shielding and subsequent bone remodeling decreased post shear while slightly increasing post
causes bone resorption around the implant especially at the compression compared to a cylindrical post. The
proximal part of the knee under the tibia tray [1]. Stem tip optimization of the geometry of an UHMWPE type of knee
pain following revision total knee arthroplasty is a significant implant in the sagittal plane with minimum amount of wear
cause of patient dissatisfaction, which in the presence of an was investigated by Dargahi et. al. [10]. The effect of stem
aseptic well-fixed component has no widely accepted length, diameter, and mode of fixation on the motion and
surgical solution. A definitive cause of stem tip pain remains stress transfer of a cemented tibial tray for 12 cadaver knees
elusive, however it has been suggested that high stress were evaluated by Jazrawi et. al. [11]. There was a
concentrations within the region of the stem tip may play a significant decrease in motion of the tibial tray with
role. [2, 3]. Geometry and material property optimization increasing press-fit stem length (75–150 mm) and increasing
represent the possible methods of using prosthesis stiffness stem diameter (10–14 mm). Cemented tibial stems showed
for alignment with bone stiffness and increasing total knee significantly less tray motion than uncemented stems. Hedia
replacement lifespan. Material optimization has studied et al. [12, 13] investigated the following points: 1- A Method
previously by Hedia and Fouda [4] using the concept of for Shape Optimization of a Hip Prosthesis to Maximize the
functionally graded material in the design of cementless tibia. fatigue life of the cement [12], 2- Shape Optimization of
However the effect of geometry optimization as well as using Charnley prosthesis based on the fatigue notch factor[13].
They concluded that the optimal shape reduces the stress
a biomaterial stem will be studied in this analysis.
shielding and the interface stresses. Consequently, the fatigue
Finite element analysis has been widely used in many life of hip prostheses was increased.
areas of biomedical engineering. Design optimization uses All previous researches are proved that there is a conflicting
numerical algorithms to determine the best design for a given demand between increasing the stresses at the proximal tibia
application. The optimum design yields the best performance and reducing the interface shear stress between the bone and
with respect to a given performance measure (objective implant. Therefore a finite element analysis and a shape
function) and simultaneously satisfies any performance or optimization are carried out through this study in order to
design space limitations (equality and inequality constraints) solve the problem of these conflicting demands.
Abstract-- The stem design, geometry and material change the

mechanical behavior of bone around tibia tray and stem after
TKA. In this study a shape optimization of a cemented tibia
stem has been carried out to solve the stress shielding at the
proximal tibia as well as the stress concentration at the stem tip.
It is found that the optimal shape is a short stem with small
diameter at the distal stem tip increased gradually to reach a
maximum value at the proximal tibia stem. This optimal shape
is increased von Mises stress at the lateral and medial
cancellous bone by 130% and 140%, respectively compared to
initial stem shape. On the other hand the stress concentration in
bone at stem tip using the optimal stem shape is reduced by
25% compared to initial shape. However, the optimal stem
shape is reduced the stresses in cement at stem tip by 28%
laterally and 17% medially compared to the initial stem shape.
Finally, a bimaterial stem (titanium with a polymer stem tip)
has been applied to the optimal shape to improve the stress
concentration reduction at the stem tip. The results are
approximately the same compared to the optimal titanium stem
shape.
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2. MATERIAL AND METHOD
2.1. Model Geometry and Finite Element Analysis
The total knee replacement joint consists of a tibial base
plate or tray, usually made of titanium alloys, stainless steel
or cobalt chromium molybdenum (CoCrMo), with a tibial
insert (UHMWPE) that acts as the bearing surface. The
details of the total knee components and these components
which are inserted in a knee joint are illustrated in Fig. 1(a,
b). In this analysis a two-dimensional finite element model
was used to represent a section of the mid – coronal plane of
the tibia with a cemented prosthesis implanted. Fig. 2 (a)
represents this cross section to clear the tibial component
with a polyethylene which will be studied in this analysis.
ANSYS 14.5 software package was used to create the finite
element model. The finite element model was created using
linear isoparametric quadrilateral and triangular elements,
with approximately 7956 elements for all model components.
In normal conditions, the knee joint receives load of up to
two to three times the body weight, while the maximum load
it can sustain is eight times the body weight. This study was
considered the load of three times the body weight, which is
typical during normal level walking [14, 15]. The weight
over single knee is only half the maximum load as the load is
shared between the two knee joints. 60% and 40% of the
total load was applied to the medial and lateral condyle
nodes, respectively (the medial and lateral sides of the joint
are shown in Fig. 1). This load distribution simulates the
situation that has been reported to be experienced during the
stance phase of walking in the case of a person with a mass
of 70 kg [16]. The tibia was assumed to be rigidly fixed in all
directions of the distal part (the distal and proximal sides of
the joint are shown in Fig. 1). The finite element model and
the loading conditions were represented in Fig. 3. The tibial
model consisted of the tibial bone (cortical and cancellous),
the tibial tray, cement mantle (PMMA), and the ultra high
molecular weight polyethylene (UHMWPE) insert. Linear
elastic behavior was assumed for all materials. The
heterogeneous material properties of the bone were modeled
with six sections of different modulus (cortical diaphyseal,
cortical metaphyseal, cancellous epiphyseal, cancellous
metaphyseal 1 and 2, and cancellous diaphyseal) [3, 14, 17].
The tibia was made of titanium alloy. The properties of all
materials were listed in table 1. The tibia represented knee
with a medial – lateral width of 74 mm, the tibial plate height
equals 8mm. The initial design of the stem length is 40mm
and stem diameter is 12mm. The initial design of all
prosthesis components was shown in Fig. 4.
The large difference between the stiffness of the
metal implant and the surrounding bone is the main cause of
stress shielding under the tibia tray. Another problem
observed after TKA is the stress concentration which is
appeared at the distal region of the metallic stem. Therefore
the objective of this analysis is to optimize the shape of the
metallic tibia stem in order to solve the conflicting problems
of stress shielding proximally, and the stress concentration
distally, as well as decreasing the interface shear stress
between the model and the surrounding bone.
2.2. Shape Optimization of the Cemented Tibia Tray
In applying the numerical shape optimization procedure,
we define a particular desired stress distribution and
determine the design which would realize the objective as
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good as possible. The principle of the mathematical
characteristics of the numerical shape optimization procedure
is based in an iterative computer process in which the FEM
model is integrated schematically represented in Fig. 5 [18].
The process is started with an initial design for which
stresses, strains, or other mechanical variables are
determined with the FEM model. If the stress distributions
deviate from the desired optimal ones, the design (and hence
the FEM mesh) is slightly adapted in such a way that the
stresses change in a more favorable direction, and the
process is repeated until the desired (optimal) stress patterns
are approximated as good as possible. The way in which the
shape of the prosthesis must be adapted in each iteration is
determined in a “search procedure” which determines the
search direction [19]. The stress components to be minimized
are combined in a so-called “objective function”. In the
iterative process, the value of this function is actually
minimized, in the sense that the particular shape evolves,
rendering this function its minimal value. Also we must
include a check against unrealistic shapes, for that reason the
so-called “boundary constraints” are accounted for in the
NSO procedure. Finally the shape variations considered in a
particular process are limited to a particular “design space”.
In other words, the allowable shape variations must be well
defined. They are bounded by the above-mentioned
“boundary constraints” and, within these boundaries, defined
by the so-called “design variables”.
The initial stem shape in this study is 40mm length
and 12mm diameter. In order to have the optimal stem shape
the optimization technique applied through the ANSYS
package. The computer program was written using the Ansys
Parametric Design Language APDL to find the optimal stem
shape. The optimization technique analysis for this study is:
a.Objective Function: to minimize the von Mises
stress at the distal part of the cancellous
diaphyseal bone
Minimize
σ
distal
diaphyseal bone
b.Design Variables:
(1) Change the proximal stem diameter (D1) and
the distal stem diameter (D2) within values
obtained from literature. 12 mm ≤ D1, D2 ≤
20 mm
(2) Change the length of the stem within values
obtained from literature.
30 mm ≤ L ≤ 120 mm
c. State Variables:
(1) The maximum von Mises stress in the lateral
and medial cancellous epiphyseal bone to be
more than the maximum von Mises stress using
the initial shape of titanium tibia. However, it is
maximum value does not exceed the value of
von Mises stress at this part of tibial natural
bone.
σ epiphyseal bone initial ≤ σ epiphyseal bone
optimal ≤ σ natural tibial epiphyseal bone
(2) The maximum von Mises stress in the lateral
and medial cancellous diaphyseal bone to be
more than the maximum von Mises stress using
the initial shape of titanium tibia. However, it is
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maximum value does not exceed the value of
von Mises stress at this part of tibial natural
bone.
σ diaphyseal bone initial ≤ σ diaphyseal bone
optimal ≤ σ natural tibial diaphyseal bone
(3) The maximum interface shear stress in the
lateral and medial cement at cancellous bone
/cement interface to be less than the maximum
interface shear stress using initial cemented
titanium tibia. However, its minimum value is
an arbitrary small value (e.g. 0.01Mpa).
τ arbitrary value ≤ τ cement optimal ≤ τ
cement initial
3. RESULTS AND D ISCUSSION
In order to check the validity and limitations of the 2D
finite element model, the results obtained from this model
before optimum design were compared with the results
obtained from more detailed 3D – finite element model [20].
Also, a comparison between the results of this model before
optimum design was compared with other 2D models that
have been carried out through other studies [3, 17] which
have approximately the same properties, dimensions, and the
same loading conditions. There is a good agreement in von
Mises stresses between the model of this study and those
other models. The stress values are not exactly identical, but
the trends of the stresses in each model are significantly
similar.
Starting from initial stem shape with 12 mm diameter
and 40 mm length, the optimization process was continued
until the last run. The optimal stem length was found to be 40
mm and the diameter changed from 12 mm at the distal part
of stem to 20 mm at the proximal part of stem. The optimal
shape was illustrated in Fig. 6. Then the idea of using the
stem as a bimaterial was applied to the optimal shape in
order to improve the reduction of the stress concentration at
the distal stem tip which was obtained from the optimal stem
shape. Therefore, the effect of made the optimal stem shape
as a bimaterial was also studied. The optimal stem shape was
made of titanium and a polymer material at the stem tip, as
illustrated in Fig. 7. The effect of using the optimal stem
shape with and without a polymer tip on solving the stress
distribution problems which is occurred after TKA will be
illustrated through the following results:
 von Mises stress distribution in the lateral and
medial epiphyseal cancellous bone at cement / bone
interface was illustrated in Fig. 8 and Fig. 9,
respectively. The stresses were decreased gradually
towards the tibia stem for both lateral and medial
interfaces. This stress reduction is due to the
decrease in the elastic modulus values from the
cortical bone to diaphyseal bone through epiphyseal
bone. There was no difference of stress distribution
between the initial stem shape, the optimal stem
shape, and the optimal stem shape with the polymer
tip.
 von Mises stress distribution in the lateral
diaphyseal bone at cement / bone interface was
illustrated in Fig. 10. It was found that the stress
was increased gradually for the optimal stem shape
from 16% near the tibia stem to 130% compared to
the stem initial shape. This percentage was not
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making a big difference using the optimal shape
with a polymer tip. The stress increased for the
optimal shape with polymer, from 20% to 140%
compared to the stem initial shape.
Fig. 11 was illustrated von Mises stress distribution
in the medial diaphyseal cancellous bone at cement
/ bone interface. The optimal shape was increased
the stress gradually from 8% to 140% compared to
the stem initial shape. However, using the optimal
shape with a polymer tip was increased the stress
from 10% to 150% compared to the stem initial
shape.
von Mises stress in bone at the distal stem tip at
cement / bone interface was illustrated in Fig. 12.
The stresses were represented from the lateral to the
medial interface. It was observed that the stresses
along the entire stem tip were decreased with the
optimal stem shape and with the optimal stem with
polymer compared to the initial stem shape. It was
found that the maximum stress reduction was
occurred at the lateral side. The maximum von
Mises stress was decreased by 25% for the optimal
stem shape and by 26% for the optimal shape with
polymer tip compared with the initial stem shape.
The interface shear stress in the lateral and medial
diaphyseal bone at cement / bone interface was
illustrated in Fig. 13 and Fig. 14, respectively. It
was found that the stresses increased gradually to
reach its maximum value at the stem tip. The
interface shear stress using the optimal shape was
decreased by 25% and 3% for the lateral and medial
interfaces, respectively. However the interface shear
stress using the optimal shape with polymer tip was
decreased by 26% and 2% for the lateral and medial
interfaces respectively compared to the initial stem
shape.
von Mises stress in the lateral and medial cement at
cement / bone interface was presented in Fig. 15
and Fig. 16, respectively. It was found that the
stresses were reduced along cement / bone interface
at all regions except the region of contact between
diaphyseal bone with cement. This increase in the
cement stress in this region is due to the increase of
the stresses in the cancellous diaphyseal bone to
reduce the stress shielding problem at this region.
The stress in cement was increased by about 80%
laterally for the optimal stem shape compared to
initial stem shape. However the stress in cement
was increased by about 60% medially for the
optimal stem shape compared to initial stem shape.
This increase was approximately the same using the
optimal shape with polymer tip. This increase in the
cement stresses is safe and within acceptable range
because the von Mises stress in cement at the lateral
and medial interfaces does not exceed 6MPa while
the yield strength for PMMA is ranged from 80120MPa [21, 22] and the ultimate shear strength is
between 40-50MPa [23, 24].
von Mises stress in distal cement tip at cement /
bone interface was illustrated in Fig. 17. The
stresses were presented from lateral to medial
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interfaces. It is found that the stress in cement was
reduced for the optimal shape by 28% laterally
compared to the stem initial shape. However, the
stress was reduced for the optimal shape with
polymer by 30% laterally compared to the stem
initial shape. Fig. 18 was illustrated the interface
shear stress distribution in cement at cement / bone
interface at the lateral side which was represented
that the stress is concentrated at the distal stem tip
as represented in Fig. 17. Related to Fig. 17, it is
found that the stress in cement was reduced for the
optimal shape and the optimal shape with polymer
tip by 17% medially compared to the stem initial
shape. Fig. 19 was illustrated the interface shear
stress distribution in cement at cement / bone
interface at the medial side which was represented
that the stress is concentrated at the distal stem tip
as represented in Fig. 17.
In this study, the model has been considered to be a
2D finite element model of the cemented tibia prosthesis.
The model did not include some effective elements such
as ligaments and muscles. Also, the positions of the
components have been considered theoretically and the
applied load has been assumed constant. Additionally,
the material properties of the cemented tibial prosthesis
with linear elastic, isotropic, and heterogeneous bone
properties were assumed in this analysis. This simplified
model was used before through many researches [3, 14,
17]. These assumptions were made in order to make it
possible to find the optimal shape for cemented tibia tray
design with minimum man-hours which are needed to
develop and create the model. Then the optimal shape
can be applied on any real 3D tibia prosthesis model.
4.

CONCLUSION
 The optimal shape for a cemented tibia in knee
replacement is concluded to be a short tapered stem
with a small diameter at the distal stem tip increased
gradually to reach its maximum value at the
proximal stem.
 This optimal shape is succeeded to increase von
Mises stress at the lateral and medial cancellous
bone by 130% and 140%, respectively compared to
initial stem shape.
 On the other hand the stress concentration in bone at
stem tip using the optimal stem shape is reduced by
25% compared to initial shape.
 The von Mises stress in cement is reduced by 28%
at the lateral side and by 17% at the medial side
using the optimal stem shape compared to the initial
shape.
 It is found that using a polymer stem tip with the
optimal shape was increase the stresses in the
proximal cancellous bone and it was reduce the
stress concentration at the stem tip. However, its
improvement in solving the stress shielding
proximally and the stress concentration distally does
not make a big difference compared to the optimal
titanium stem.
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Table I
Material property of the tibia and tibial prosthesis

Material
Diaphyseal cortical bone
Metaphyseal cortical bone
Cancellous epiphyseal bone
Cancellous metaphyseal bone 1
Cancellous metaphyseal bone 2
Cancellous diaphyseal
polymethylemetacrylate (PMMA)
UHMWPE
Stem / tray (titanium alloy)

Elastic modulus (MPa)
17000
5000
400
320
300
100
2000
1000
110000

Poisson's ratio
0.3
0.3
0.3
0.3
0.3
0.3
0.23
0.3
0.33

Proximal side

Tibial component and tibia bone
which will be studied in this
analysis

Medial side

Lateral side

Fig. 1. (a) The details of the total knee components (b) The total knee components are inserted in a knee joint

Distal side

Fig. 2. The cross section of a tibial component inserted in the natural knee
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Fig. 3. The finite element mesh with the applied boundary and loading conditions

Cancellous metaphyseal 2

Cortex metaphyseal

Cancellous metaphyseal 1

Tibia tray

Cancellous epiphyseal

Cortex diaphyseal

UHMWPE
insert

Fig. 4. The initial shape of cemented tibia tray
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Initial Geometry

FEM Mesh Genera

FEM Mesh

Load
Material Properties
Boundary Conditions

FEM Code
tor
Stress / Strain

Design Criterion
Function Evaluation

New Design Variables

Value Objective Function

Search Procedure

Optimal Geometry
Fig. 5. Iteration scheme of the numerical shape optimization procedure. The functions within the dotted boundary are provided by the FEM code.
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Fig. 6. The optimal shape of cemented tibia tray

Fig. 7. The optimal cemented tibia tray with a polymer distal tip
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Fig. 8. von Mises stress in lateral epiphyseal cancellous bone at cement/bone interface, the bold line on the right figure represents this interface

Fig. 9. von Mises stress in medial epiphyseal cancellous bone at cement/bone interface, the bold line on the right figure represents this interface
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Fig. 10. von Mises stress in lateral diaphyseal cancellous bone at cement/bone interface, the bold line on the right figure represents this interface

Fig. 11. von Mises stress in medial diaphyseal cancellous bone at cement/bone interface, the bold line on the right figure represents this interface
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Fig. 12. von Mises stress in bone at the distal tip at cement/bone interface, the bold line on the right figure represents this interface

Fig. 13. Interface shear stress in lateral diaphyseal cancellous bone at cement/bone interface, the bold line on the right figure represents this interface
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Fig. 14. Interface shear stress in medial diaphyseal cancellous bone at cement/bone interface, the bold line on the right figure represents this interface

Fig. 15. von Mises stress in lateral cement at cement/bone interface, the bold line on the right figure represents this interface
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Fig. 16. von Mises stress in medial cement at cement/bone interface, the bold line on the right figure represents this interface

Fig. 17. von Mises stress in distal cement tip at cement/bone interface, the bold line on the right figure represents this interface
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Fig. 18. Interface shear stress in lateral cement at cement/bone interface, the bold line on the right figure represents this interface

Fig. 19. Interface shear stress in medial cement at cement/bone interface, the bold line on the right figure represents this interface
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