
1. Introduction 
 
As with other implants, one of the most common 
causes of failure in knee implants is the loss of com-
ponent fixation to the bone. [1, 2] This progressive 
loosening is generally most prevalent in the tibial 
component and, with cemented implants, usually 
occurs at the interface between the cement and the 
bone whereas, for non-cemented implants, it is 
caused by remodelling of the cancellous bone that is 
in direct contact with the implant. [3-11] 
 One of the reasons postulated for loosening 
is that there is significant remodelling of the bone 
over time caused by artificially low stresses at cer-
tain points around the implant arising from stress 
shielding due to the high stiffness of the implant as 
well as artificially high stresses at other points due to 
the geometry of the implant.  In their 1985 paper, 
Cheal et al wrote that both low stresses and exces-
sively high stresses in regions of the tibia around an 
implant are thought to result in abnormal bone re-
sponse and eventual loosening. 
 Finite-element models have been used 
widely in biomechanics to investigate the stresses 
within bone in an attempt to improve the perform-
ance of implants. In particular, there have been vari-
ous studies of knee implants [12-17] but none in 
which the stress distribution in an implanted tibia 
has been compared directly with that in a corre-
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large increase in stress could lead to local micro-cracking of the bone and the regions where there is a large 
decrease could lead to atrophy and remodelling of the bone.  Both effects might be expected to contribute to 
loosening of the implant. 

sponding intact tibia. 
 The purpose of this study is to consider an 
implanted non-cemented tibia and to compare the 
stresses in the bone at points along the interface 
around the implant with stresses at the self-same 
points of an equivalent intact tibia. This can be done 
most easily using stress contour plots. However, 
contour plots can give, at best, only a qualitative 
overview in comparing different stress distributions. 
In the present work, therefore, stresses have been 
calculated along different paths around the implant 
and these have been compared with stresses calcu-
lated at the same points of the corresponding model 
of the intact tibia. 
 
2. Materials and method 
 
An image data set of a male skeleton was acquired 
from the National Health Library of America and the 
data relating to the tissues in and around the tibial 
bone were exported into a Mimics image-processing 
software package (Materialise, N.V.).  This package 
is able to isolate tissues of interest based on density 
threshold and three-dimensional segmentation using 
a region-growing technique. 
 In this case, the hard tissues of the tibia 
(cortical and cancellous bone) were identified and 
Mimics was then able to generate a line-model of the 
bone.  Using another Materialise package, MedCad, 
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this model was modified so that it could be exported 
into a CAD environment and, after this, was im-
ported into Rhino (Robert McNeel and Associates) 
where surfaces were fitted to the lines.  Any discon-
tinuities or degradation of the model were repaired at 
this stage within CadFix (International Techne-
Group Inc.) prior to exporting it into the finite-
element package Ansys (Ansys Inc.). 
 A finite-element model was now set up con-
sisting of two volumes – one representing the outer 
cortical bone and the other the interior cancellous 
bone.  A second finite-element model was also set 
up using the same tibia but with the top resurfaced 
and with a knee implant (the tibial component of a 
Johnson & Johnson PFC Sigma knee implant) incor-
porated into the model.  In both cases, the lower part 
of the tibia was rigidly constrained and the top was 
subjected to a force of 2.2kN corresponding to ap-
proximately three times average body weight. 

 For the implanted tibia, the 2.2kN load was 
split in the ratio 3:2 with 60% of the load acting on 
the medial side and 40% on the lateral as shown in 
figure 1(a). [13, 18] 
 For the intact tibia, two different loading 
conditions were evaluated each of which the same 
resultant load of 2.2kN.  The first condition consid-
ered was: two point loads acting directly on the me-
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dial and lateral condyles of the intact tibia i.e.  The 
same point loads as were used with the implanted 
tibia; the second loading condition considered was 
uniformly-distributed pressure acting over the whole 
area of the articulating surface.  
 Of the two loading conditions evaluated, the 
uniformly-distributed pressure load was used for the 
present quantitative comparison of the intact and im-
planted tibia stresses. See figure 1(b).  This is be-
cause the actual loading is distributed (albeit with 
peak pressures at the condyles) and the point-load 
model gives artificially high stresses in the vicinity 
of the loading. 
 In both models, the cortical and cancellous 
bone was assumed to be isotropic, homogeneous and 
linearly elastic as was the implant.  All the compo-
nents were assumed to have a Poisson’s ratio of 0.33 
whilst Young’s modulus of cortical bone was taken 
to be 17kN/mm2 and that of cancellous bone to be 

0.3kN/mm2.  The metal (titanium) of the implant 
was assumed to have a Young’s modulus of 110kN/
mm2whereas, for the plastic insert (polyethelene), it 
was 0.5kN/mm2. 
 All the material properties except for the cor-
tical bone are taken from the paper by Taylor et al.; 
[13] for both diaphyseal and metaphyseal cortical 
bone, a modulus of elasticity 17kN/mm2 is assumed. 

(a) Implanted tibia (b) Intact tibia 

Figure 1: Finite element model of the intact and implanted tibia. 



[19] 
 Each model was meshed with quadratic tetra-
hedral elements as shown in Fig. 1.  In addition, for 
the implanted tibia, the press-fit between the bone 
and the implant was modelled with surface-to-
surface contact elements with a friction coefficient 
of 0.25. [13] 

Afr J Med Phy, Biomed Eng & Sc, 2010, 2, 77 - 84                         79 

 

3. Results 
 
The effect of an implant on the stress distribution 
within the knee is investigated. In order to calculate 
the stresses, two finite element models of the tibia 
are used: implanted and intact. The stress contour 
plots from both the finite element models are shown 

Figure 2: Anterior view of (equivalent) stress contours acting over the surface of the two tibia models 

Intact Tibia Implanted Tibia 

Figure 3a: Graphs of equivalent stress against distance 
around selected pathway (identical to bone-implant bound-
ary) for the cross-section at 00 (anterior view). 

Figure 3b: Graphs of equivalent stress against distance 
around selected pathway (identical to bone-implant bound-
ary) for the cross-section at  00 (anterior view).  



in figure 2. 
 However, contour plots can give only a 
qualitative overview in comparing the stress distri-
butions of the two models. In the present work, a 
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graphical method is devised in which graphs are 
plotted of equivalent stress in the bone of the im-
planted tibia around the bone-implant interface and 
these are then compared with graphs of stress calcu-
lated at identical points in the intact tibia. See Fig. 
3a and 3b.  Identifying the same points in the intact 
tibia as those chosen in the implanted model is 
straightforward because, as described earlier, the two 
models are meshed in such a way that nodes are in 
identical positions at or below the level of the bone-
implant interface. 
 The simplest way of plotting the graphs for 
the implanted tibia is to consider various cross-
sections in the vertical plane all of which passed 
through the axis of the implant stem.  For each cross
-section, stresses in the bone are obtained at equi-
distant points around the path defining the boundary 
of the implant and are plotted against distance 
around the boundary. 
 Likewise, for the intact tibia, the same cross-
sections and the same pathways within each cross-
section are used to plot analogous graphs of stress 
against distance along the path.  For example, in the 
anterior cross-sectional view shown in figure 4, 
stresses at points around the dotted line are plotted. 

 

Implant 

Cancellous bone Cancellous bone 

Plastic insert 

Cortical bone 

Fig. 4 Anterior cross-sectional view of the intact and implanted models of the tibia. 

Cortical bone 

Implanted tibia Intact tibia 

Artificial boundary identical to boundary be-
tween implant and bone 

Figure 5: Anterior view of (equivalent) stress contours acting 
over the cross section passing through the vertical axis of the 
implant stem 



 In order to adequately cover the area of bone 
that is in contact with the implant, it is found neces-
sary to consider eighteen cross-sections and hence 
eighteen different 
 In order to adequately cover the area of bone 
that is in contact with the implant, it is found neces-
sary to consider eighteen cross-sections and hence 
eighteen different pathways. The cross-sections are 
at 10o intervals around the axis of the implant stem; 
the cross-section relating to the anterior view of the 
tibia (figures 4 and 5) is taken to be 0o and the eight-
eenth cross-section is 170o around from this. 
 The graphs of equivalent stress for all eight-
een pathways are similar to those shown in figure 3a 
and 3b for the 0o cross-section. It can be seen that 
the largest increase in stress occurs almost 80 mm 
along the pathway.  However, the largest decrease in 
stress cannot easily be identified without subtracting 
one curve from the other.  When the graph of the 
intact tibia is subtracted from that of the implanted 
tibia, the graph is as shown in figure 6.  Note that A 
and C in figure 6 correspond to points where the de-
crease in stress is a maximum and B is the point 
where the increase in stress is greatest.  Note also 
where A, B and C occur on the path around the im-
plant. 
 Because of ‘stress shielding’ at points such 
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as A and C, there is the possibility that there might 
be some long-term atrophy of the bone in these re-
gions whereas; close to point B, there could be mi-
cro-cracking of the bone.  Both conditions could 
lead ultimately to loosening of the implant. 
 By considering points such as A, B and C on 
all eighteen cross-sections, a profile of the largest 
stress changes around the implant can be deter-
mined.  In particular, the largest increase in stress 
occurs in a region which includes point B on the 0o 
cross-section together with equivalent points on 
other cross-sections over an arc of 90o from -80o to 
+10o (angles measured anticlockwise when viewed 
from above).  In this region, the stress is between 
five and ten times larger than the stress in the intact 
tibia; five times larger at 10o and -80o rising to a ten-
fold increase at -50o. 
 The largest decrease in stress occurs at the 
top of the implant stem corresponding to point A on 
the 0o cross-section.  Again, the largest decreases are 
over an arc from -80o to +10o and in this region the 
stresses are typically one fifth of those in the intact 
tibia. 
 
4. Discussion 
 
Stress distribution in the bone of an implanted tibia 

A C 

Figure. 6: Difference in equivalent stress between the implanted tibia and the intact tibia  around selected pathway 
(identical to bone-implant boundary) for the cross-section at 0o. 

B 

 



and intact tibia is quantitatively compared using fi-
nite element models. In order that stresses in the 
bone of the implanted tibia calculated at the bone-
implant interface could be compared with stresses at 
exactly the same points of the intact tibia, the finite-
element mesh of the bone in the implanted tibia has 
to be reproduced exactly in the corresponding region 
of the intact tibia. In particular, the nodes in that re-
gion of the tibia where the bone is in immediate con-
tact with the implant should be replicated in the fi-
nite-element model of the intact tibia. 
 This is achieved by dividing the model of the 
intact tibia into two separate parts.  This is depicted 
in Fig. 4 where the dotted line follows the same path 
as the bone-implant interface of the implanted tibia. 
Since the lower part is now identical to that of the 
implanted model, this region can be meshed with 
exactly the same elements and nodes as those that 
form the mesh in the bone of the implanted tibia. 
 The same resultant load of 2.2kN was ap-
plied to the top of each model although the distribu-
tion of the load was different:  
 For the implanted tibia, because of the way 
in which the two parts of the knee joint interact, this 
force was split into two point loads acting on the top 
surface of the polyethylene insert which is itself sup-
ported by the metal tray of the implant. [20] Al-
though the femoral component of the implant makes 
contact with the polyethylene insert over two areas 
each of which is finite, these areas are small.  Also 
the forces are acting on the top surface of the insert 
so that the pressure distribution under the metal tray 
is effectively unchanged by the assumption of point 
loads.   
 For the intact tibia, the pressure distribution 
over the top surface has been studied by numerous 
researchers [23-26] In which; they all showed that 
the pressure distribution is complex and, from the 
first two of these four papers, it can be concluded 
that the pressure acts over the complete area of the 
articulating surfaces of the femur and tibia when the 
resultant load is 2.2kN and the knee is straight (i.e. 
no flexion). 
 In the present study, two different loading 
conditions were evaluated each of which the same 
resultant load of 2.2kN. Although both loading con-
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figurations considered are a crude approximation to 
the actual loading, the forces provided by the con-
straints at the distal end of the tibia were found to be 
virtually independent of the load being applied.  This 
indicates that the two loading systems are statically 
equivalent and would imply also that the different 
distribution of loading has only a localized effect in 
the immediate region of the loading itself. 
 As long ago as 1982, Lewis et al wrote that 
bone atrophy due to abnormally low stresses and 
micro-cracking as a result of high localized stresses 
contribute to loosening of implants. [20] From the 
present study we can confirm that stress concentra-
tion is prevalent in the implanted tibia. Moreover, 
the region susceptible to high stress concentration is 
identified as the tip of the implant stem. In agree-
ment with these findings, a large increase of the 
stresses in the region around the bottom of the stem 
has been observed in other clinical studies.  For ex-
ample, Barrack et al (1999) conducted clinical and 
radiographic assessment of patients who had revi-
sion surgery. [21] Their results showed that patients 
fitted with long stemmed implants experienced pain 
in the diaphyseal region of the tibia. They attributed 
the pain to stress concentration at, or stress transfer 
to, the tip of the stem. 
 It is also shown that large decrease of the 
stresses in the region beneath the tibial tray close to 
the stem is present in the implanted tibia. A clinical 
radiographic study by Regner et al (2000) has also 
reported on similar observations. In their paper they 
stated that “radiolucent zones under the tibial tray 
around the stem were seen frequently”. [22] 
 
5. Conclusion 
 
Finite element models of an intact tibia and an im-
planted tibia are used to calculate the stress distribu-
tion within the bone. Stresses from the two finite-
element models are compared. This can most easily 
be done using contour plots of the equivalent or von 
Mises’ stress.  Clearly the contour plots are much 
more informative and enable stresses around the im-
plant to be compared directly. Even so, comparing 
stresses in this way using contour plots is effectively 
a qualitative exercise and no precise information can 



be obtained as to which points in the bone around 
the bone-implant interface show the largest changes 
of stress compared with the same points in the intact 
tibia. 
 The graphical analysis of results is a useful 
tool to quantitatively compare stresses in the intact 
tibia with that of the implanted hence study the ef-
fect of implants on the stress distribution within the 
bone. 
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