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Abstract. Total knee arthroplasty has become quite widespread, especially among patients of 70+ years. 
Unfortunately, failure of this surgery is not so uncommon. As a result, a revision surgery is sometimes needed, 
resulting in a great ordeal for patients. One of the major causes of this failure is the aseptic loosening of either 
the tibial or the femoral component, with that of the tibial component being more common. Our goal is to 
evaluate the performance of metallic knee implants used in total knee arthroplasty. More specifically, the aim is 
to identify critical areas of failure and the prevalent failure mechanisms due to fatigue. A probabilistic analysis 
will follow, in order to calculate the probability of failure as a function of walking cycles and loads on the knee 
joint.In the end, it will become possible to predict the likelihood of implant failure in the course of a patient’s 
lifetime. It will also be possible to determine the probability of failure depending on the patient’s habits and, as 
a result, how much the patient is allowed to stress the joint after the surgery depending on his/her weight. 
Similarly, the calculations will offer decision support on how much, if any, weight he/she should lose in order to 
lessen the probability of failure to an acceptable level. Ultimately, rehabilitation becomes more patient-specific 
and, therefore, likely much easier and less time-consuming. 

1 INTRODUCTION 

Total knee arthroplasty has become quite widespread throughout the years. One of the reasons for this 
increasing popularity is the ever increasing life expectancy, leading to aging of the world population[1]. 
Unfortunately, failure of knee implants has occurred in quite a few cases. Result of such a failure is the need for 
a revision surgery, which leads to a great ordeal for patients.  

One of the most common causes of failure is aseptic loosening of the tibial component [1], [2], [3], [4], [5]. 
Hazelwood et al[3] report early aseptic loosening of the tibial component due to cement-implant interface de-
bonding, occurring at 0.36% of the Total Knee Replacements (TKRs) studied from May 2005 to December 
2010. This percentage is remarkably low compared to other reports. Piedade et al[1] report a failure percentage of 
2.33% due to aseptic loosening (between March 1988 and August 2002), while in earlier years (1974-1977) up to 
26% of the knee replacement surgeries studied by Knutson et al[5] showed signs of loosening within 3 years after 
the operation. Although these reports indicate a certain improvement in the efficiency of knee arthroplasty over 
the years, it is clear that the problem still remains.  

Part of the uncertainty that characterizes the problem lays in the scatter of the properties of bone cement, that 
is, the adhesive material that stabilizes the implant in the bone. The causes of failure have not yet been 
completely understood. Fatigue of the cement mantle is one of the main suspects[6],[7], there is controversy 
though on whether the failure initiates at the cement-bone interface, the cement-implant interface or within the 
cement mantle itself. Hazelwood et al[3] report early failure at the cement-implant interface, while van de Groes 
et al[8] find that the cement-bone interface is weaker and, therefore, more likely to fail.  

Aim of this study is to identify the critical areas of failure and the prevalent failure mechanisms of the tibial 
component and assess its fatigue life. 
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2 MATERIALS AND METHODS 

The first step in this study was to calculate the loads on a knee joint during a full gait cycle. An OpenSim[9] 
lower extremity model, developed by Lerner et al[10], was used for this purpose. The resulting load histories were 
subsequently used as excitation in an OpenSees[11] model of a tibial component, in order to calculate resulting 
stresses at the bone cement. These were then used in a fatigue analysis aiming to assess the fatigue life of the 
modeled implant. An ultimate limit state analysis was also performed. For this last part (ultimate limit state and 
fatigue analysis) a specifically developed MATLAB[12] code was employed. 

2.1 OpenSim Model 

OpenSim[9] is free software for musculoskeletal simulation. Using it, loads on the knee can be predicted with 
relative accuracy, taking into account not only the subject’s weight, but also muscle forces and the position of 
the ligaments. The model developed by Lerner et al[10] (Fig. 1) was considered to be the most appropriate for the 
purposes of this study because it simulates the musculoskeletal system of the lower extremity and also allows 
subject-specific simulation of tibiofemoral alignment and geometry of the knee joint. The model was scaled and 
the appropriate analyses were run using the already existing data, which correspond to an adult male of 72.6kg, 
walking at a self-selected speed. In the end, a “JointReaction” analysis was run, in order to calculate loads on the 
knee joint during a gait cycle of the specific subject. Thus, load time histories of forces and joint moments were 
calculated in all three directions during a full gate cycle. 

 
Figure 1. OpenSim[1] model by Lerner et al[6] 

2.2 OpenSees Model 

An effort was been made to use a simple model for reduced computational loads. Thus, a simplified 2-D 
model of a tibial component was created in OpenSees[11], using elastic materials. A typical geometry of a tibial 
component appears in Fig. 2, while the corresponding OpenSees model representing a medium-sized implant is 
shown in Fig. 3. The Young’s modulus of the tibial component was assumed to be equal to 210000MPa and that 
of the bone cement 2200MPa[13]. The cement-implant interface, the cement mantle and the cement-bone interface 
were simulated with elastic uniaxial springs placed in series to generate compound spring elements. Two 
independent compound springs were placed every 2mm along the implant-bone boundary, in order to account for 
both normal and shear stresses at the interfaces. Interface stiffness values were taken from literature[13] and can 
be seen in Table 1. Spring stiffness was calculated by multiplying every interface stiffness value with the area 
corresponding to each spring. Said area is different for the tibial plate (horizontal part) and stem (vertical part) of 
the implant, due to the difference in geometry of the two parts. Resulting stiffness values can be seen in Table 2.  

The model was subsequently subjected to the load time histories that were estimated from the OpenSim 
“JointReaction” analysis. This analysis calculates loads in all three directions, though only those acting on the 
plane of the model (coronal plane) were inserted in the OpenSees analysis (Fig. 3). After the analysis in 
OpenSees was run, the individual spring force time histories were obtained. Since each spring represents a 
fraction of a surface, the area of which is predetermined, these forces were easily converted to corresponding 
stresses, which were then used in the fatigue and ultimate state analyses. 
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Figure 2. Typical geometry of a tibial compartment 
(AMPLITUDE ANATOMIC ®) 

 
Figure 3. Schematic picture of the tibial implant 

model (dimensions in mm) 

 Stiffness in tension 
MPa/mm 

Stiffness in compression 
MPa/mm 

Shear Stiffness 
MPa/mm 

Implant-cement 
interface 

57.3 5730.0 151.4 

Cement-bone 
interface 

37.4 3740.0 38.4 

Table 1 : Interface stiffness values 

 Stiffness in tension 
kN/mm 

Stiffness in compression 
kN/mm 

Shear Stiffness 
kN/mm 

 Plate 
Implant-cement 

interface 
6.42 641.76 16.96 

Cement-bone 
interface 

4.19 418.88 4.30 

 Stem 
Implant-cement 

interface 
2.70 270.02 3.23 

Cement-bone 
interface 

1.76 176.24 1.81 

Table 2 : Spring stiffness values 

2.3 Ultimate State and Fatigue Analysis 

The ultimate state and fatigue analyses were performed by means of a specifically developed MATLAB 
code. The first part of the code was to convert the resulting OpenSees spring forces into their corresponding 
stresses. Thus, both a normal and a shear stress history was obtained for each area fraction simulated with a 
spring element. These stresses were then used for the subsequent analyses. 

As far as the ultimate state analysis is concerned, only the cement-bone interface was initially examined as it 
is considered to be weaker than both the cement-implant interface and the cement mantle[8]. Normal and shear 
strength values were obtained from the literature[13],[8]. Specifically, the strength values provided for cement-
cancellous bone interface were used (tensile St =1.79 ± 0.82 MPa, shear Ss =3.85 ± 1.87 MPa, compressive 
Sc=70MPa). Tensile and shear strengths are the most critical and can vary considerably. Therefore, it was 
considered more realistic to assume a random tensile and shear strength for each surface fraction, with the 
aforementioned corresponding mean and standard deviation. Both variables (St and Ss) were assumed to be 
normally distributed, while a lower and upper limit were also incorporated to truncate the tails so that negative or 
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excessively high values are removed. These limits were estimated taking into account experimental data by 
Mann et al[14], [15] and can be seen in Table 3. 

 
 St (MPa) Ss (MPa) 

Lower limit 0.25 0.5 
Upper limit 3.0 5.0 

Table 3 : Strength Limits 

Subsequently, an ultimate state analysis was performed separately for each element, employing the Tsai-Hill 
failure criterion, which is simplified significantly in this case (Eqs. (1) and ( 2)) [15]: 
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where σ stands for normal and τ for shear stress. The selection of this particular criterion was due to its more 
realistic results in comparison with other criteria proposed in literature. A linear or a Hoffmann failure criterion, 
which are used in other studies[8], [16], tended to produce too conservative results in this study (even immediate 
failure) and therefore were judged to be unrealistic. 

As far as the fatigue analysis is concerned, only the normal stress time history for each element was taken 
into account, because there is insufficient data on multiaxial fatigue properties of bone cement. Cycles (N) and 
amplitudes (Δσ) were counted by means of the rainflow algorithm, employing an already existing MATLAB 
code developed by A. Niesłony[17]. Finding an appropriate and realistic S-N curve in order to proceed with the 
calculation of cycles to failure (Nf) was quite taxing because of the scatter in fatigue data. Few studies have been 
produced on fatigue of the various bone cement types (Jeffers et al[6], Murphy and Prendergast[18], Sheafi[19], 
Tanner et al[20]) and fewer still on fatigue of the implant-cement and cement-bone interfaces (Kim et al[21]). A 
normalization of some of the proposed curves was attempted in order to take into account the actual strength of 
the interfaces, but with no realistic results. This is attributed to the tremendous scatter of experimental fatigue 
data and also to the fact that most of these curves were developed by testing bone cement specimens, not 
interfaces. As a result, again the curve producing the most realistic results was employed. Said curve (Eq. (3)) 
was proposed by Murphy and Prendergast[18] for vacuum-mixed cement. 

( ) 06.33log86.2Δ +−= fNσ      (3) 

After calculating the cycles to failure (Nf) for each given stress amplitude (Δσ), the damage accumulation (D) 
was calculated using the Palmgren-Miner rule: 
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where n stands for the number of different amplitudes resulting from rainflow counting. Number of cycles Ni for 
each stress level occurred under the assumption that the patient walks for half an hour per day on average. When 
D = 1, it is assumed that the corresponding element has failed and, subsequently, its fatigue life is exhausted. 
When an element failed, the OpenSees analysis was run again, with that particular element having 1% of its 
original stiffness. The same procedure was repeated until all elements had failed. In the end, the total fatigue life 
of the implant was calculated. 

3 RESULTS 

Forces acting on the right tibia during a gait cycle were obtained from the OpenSim “JointReaction” analysis 
and can be seen in Figures 4 to 6. Only forces acting on the plane of the OpenSees model are shown. It is clear 
that the resulting force on the joint can easily reach a value equal to three times the patient’s body weight. This 
leads to high values of compressive stress at the cement mantle. Peak observed value of compressive stress was 
σc = 20.6MPa around the middle of the tibial plate (Fig. 7), peak tensile stress σt = 0.65MPa at the lateral side of 
the tibial plate (Fig. 8) and peak shear stress τ = 0.46MPa at the proximal end of the stem (Fig. 9). These values 
correspond to the time before the beginning of any local fatigue failure, while the cement mantle is still intact. 
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Results of the failure analysis can be seen in Fig. 10. Assuming a moderate walking activity pattern for the 
patient, failure of the first element occurs in 7.25 years after surgery and recovery, while total failure of the 
implant occurs in 9.1 years. The most critical area (that is, the area of failure initiation) appears to be located 
near the middle of the tibial plate. Fatigue seems to be the main cause of this failure. The area where peak tensile 
stress occurs is also critical, since it tends to fail immediately if its tensile strength is below average. 

 
Figure 4. Fx during a gait cycle 

 
Figure 5. Fy during a gait cycle 

 
Figure 6. Mz during a gait cycle 

 

 
Figure 7. Stress history at the area of peak compressive 

stress occurrence 

 
Figure 8. Stress history at the area of peak tensile stress 

occurrence 

 
Figure 9. Stress history at the area of peak shear stress 

occurrence 
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Figure 10. Cement area loss at the implant-bone boundary as a function of time 

4 DISCUSSION 

Each spring element used in this study incorporates the cement-implant interface, cement mantle and cement-
bone interface. Which of those fails first is a challenge to predict and depends greatly on cement properties at 
each point. Interfaces are generally more susceptible to failure and, according to current literature[8],[21], bone-
cement interface seems to be weaker than cement-implant interface. Therefore it should be the first that fails, but 
in vivo de-bonding seems to happen mostly at the cement-implant interface. An explanation of this paradox may 
be provided by the fact that, since the bone consists of living tissue, it may be capable of mending the 
microcracks occurring at the bone-cement interface under loads of everyday life[21]. This implies that cement-
bone interface may not be the most critical to failure. On the other hand, the critical area of failure initiation is 
clearly located near the middle of the tibial plate, which is where the highest compressive stress values occur. 
Due to the sensitivity of bone cement and interfaces in tensile stresses, the lateral side of the tibial plate is also 
susceptible to failure if the tensile strength at that point is relatively low, since the tensile stress values occurring 
at this area are relatively high. 

As far as fatigue life is concerned, early failure of tibial implants is unlikely to happen if there is no pre-
existing flaw in the cement mantle. Still, their life span depends on many parameters, such as innate flaws in the 
cement mantle or differentiation of its strength. The patient’s lifestyle is also important, since it affects the 
expected loads on the knee joint. Moreover, uncertainty of fatigue properties of bone cement is also an issue, 
more so because, apart from the scatter that characterizes fatigue data of all materials, they also depend on the 
mixing method, viscosity, penetration, amount of interdigitation in the bone-cement interface etc. Yet it is clear 
that the loads acting on the knee joint during the patient’s everyday life result to high stress values at the cement, 
often reaching an important fraction of its strength. This is consistent with other studies (van de Groes et al[8]) 
and can lead to reduced fatigue life. Moreover, it seems that it takes almost 2 years from the initiation of failure 
until the implant becomes completely loose. Nevertheless, it is likely that, at some point, enough de-bonding has 
occurred to allow mediolateral movement of the implant, which would exacerbate and accelerate loosening. 

In conclusion, results of this study can be used for an initial estimation of the expected life span of such an 
implant, though there is definitely potential of improvement in accuracy if more accurate implant geometry and 
cement fatigue and strength data are provided. Yet the possibilities are infinite, since this methodology can 
provide patient-specific treatment and rehabilitation data, fully adapting to the gait, weight and lifestyle of the 
subject. 
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