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A finite element model for investigating the influence of keel design and 
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component fixation 

Alexander MacAulay *, Azmi Rahman, Laurence Marks, David W. Murray, Stephen J. Mellon 
Nuffield Department of Orthopaedics, Rheumatology and Musculoskeletal Sciences (NDORMS), Oxford Orthopaedic Engineering Centre (OOEC), University of Oxford, 
Botnar Research Centre, Oxford, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Oxford unicompartmental knee replacement 
(OUKR) 
Finite element (FE) 
Interference 
Fixation 

A B S T R A C T   

Objectives: The cementless Oxford Unicompartmental Knee Replacement (OUKR) tibial component relies on an 
interference fit to achieve initial fixation. The behaviour at the implant-bone interface is not fully understood and 
hence modelling of implants using Finite Element (FE) software is challenging. With a goal of exploring alter
native implant designs with lower fracture risk and adequate fixation, this study aims to investigate whether 
optimisation of FE model parameters could accurately reproduce experimental results of a pull-out test which 
assesses fixation. 
Materials and methods: Finite element models of implants with three methods of fixation (standard keel, small 
keel, and peg) in a bone analogue foam block were created, in which implants were modelled using an analytical 
rigid definition and the foam block was modelled as a homogenous linear isotropic material. The total inter
ference and elastic slip were varied in these models and optimised by comparing simulated and experimental 
results of pull-out tests for two (standard and peg) implant geometries. Then the optimised interference and 
elastic slip were validated by comparing simulated and experimental data of a third (small keel) implant 
geometry. 
Results: The optimisation of parameters established an interference of 0.16 mm and an elastic slip of 0.20 mm as 
most suitable for modelling the experimental force–displacement plots during pull-out. This combination of 
parameters accurately reproduced the experimental results of the small keel geometry. The maximum pull-out 
forces from the FE models were consistent with experimental data for each implant design. 
Conclusions: This study shows that experimental pull-out tests can be accurately modelled using adjusted 
interference values and non-linear friction and outlines a method for determining these parameters. This study 
demonstrates that complex problems in modelling implant behaviour can be addressed with relatively simple 
models. This can potentially lead to the development of implants with reduced risk of failure.    

Abbreviations 
OUKR Oxford Unicompartmental Knee Replacement 
FE Finite Element 
PU Polyurethane 

1. Introduction 

In 2004, the cementless Oxford Unicompartmental Knee Replace
ment (OUKR, Zimmer Biomet, Swindon, UK) was introduced for the 
treatment of medial compartment osteoarthritis of the knee. Compared 

to the cemented version, the cementless OUKR achieves a lower revision 
rate and equivalent or better clinical outcomes [1–3]. The cementless 
OUKR tibial component has similar migration measured by radio
stereometric analysis after one year [4,5], and a decreased incidence of 
tibial radiolucent lines [6,7], suggesting that it has improved fixation. 
However, there has been concern over the potential of increased risk of 
tibial plateau fracture, particularly in smaller patients [8]. There is 
therefore motivation to explore different implant designs to reduce the 
risk of fracture without compromising fixation. 

In the cementless OUKR, initial fixation is achieved through an 
interference fit, in which the implant is pushed into an undersized cavity 
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– the difference in size is the interference. The resulting stresses from the 
interference and friction at the bone-implant interface provide resis
tance to movement [9]. The current value of interference fit between the 
implant keel and bone was determined by Campi et al., who concluded 
that an optimal interference exists which maximises pull-out force while 
minimising risk of fracture [10]. 

Previous experimental studies have investigated the effect of inter
ference and implant design on fixation and fracture risk. Rahman et al. 
found that a smaller keel than is currently used resulted in lower 
micromotion than the current design, and that interference can coun
terintuitively increase the micromotion experienced during some 
movements [11]. Rahman also found that a smaller keel had an 
increased fracture load compared to the current design, implying a 
lower risk of fracture [12]. These studies have provided initial evidence 
that fixation and fracture can be improved through alternative designs. 

Finite element (FE) modelling is a useful tool for determining the 
initial fixation of different designs of cementless components, as it 

allows for quantification of the conditions at the bone-implant interface, 
and parameters can be modified easily to investigate their impact [13]. 
However, FE models cannot fully reproduce in-vivo conditions and 
simplifications must be made. 

Important parameters when modelling the bone-implant interface 
include friction coefficient and interference. Previous FE models have 
used the Coulomb friction model, in which no displacement occurs 
before maximum friction resistance is reached. In reality, the interface 
shows large displacements before the maximum shear resistance is 
reached [14,15]. Models which have implemented this 
displacement-dependent friction relationship provide better agreement 
with experimental results than compared to the Coulomb model [16, 
17]. 

In many studies, a linear elastic bone material model is used [16, 
18–23]. These material models do not reproduce bone damage. Instead, 
the interference fit must be adjusted from what is used surgically, as 
using the same value can cause unrealistic stresses to be generated in the 
bone [20]. The modelled interference is often chosen to be the value 
which gives a pull-out force which is close to an experimental reference 
[16,18,20,21,23]. This method also allows bone damage to be consid
ered in an indirect way; bone is damaged during implant insertion, 
resulting in a smaller value of interference than the nominal interfer
ence. It is important to evaluate whether these models can be used for 
comparing implant design. 

The aim of this study was to optimise the interference and the friction 
nonlinearity in FE models to reproduce experimental pull-out test 

Fig. 1. FE model of the PU foam block and the standard implant.  

Fig. 2. Pull-out test force–displacement curves for each implant design, comparing experimental and FE model results for an interference of 0.16 mm and an elastic 
slip of 0.20 mm. More negative displacement values represent depth of implant as it is removed from the foam block. 

Table 1 
Maximum FE model and experimental pull-out forces for each implant design.   

Maximum pull-out force 

Implant design FE Experimental Experimental standard deviation 

Standard keel 286.1 277.4 21.0 
Small keel 122.5 113.1 6.77 
Peg 154.0 184.6 14.1  
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results. FE models and experimental results of pull-out tests of implants 
from a bone analogue foam block were compared. Two implant geom
etries were initially calibrated against experimental data to determine 
the interference and friction to implement in the FE models. These re
sults were then validated by comparing a simulation and experimental 
data of a third implant geometry. 

2. Methods 

2.1. Experimental methodology 

Three implant designs were tested experimentally, the currently used 
keel, a smaller keel, and peg designs. These will be referred to as the 
standard keel, small keel, and peg respectively (Fig. 1, inset). These 
implants were implanted in 20 pounds per cube foot (PCF) (Sawbones, 
Malmo, Sweden) solid polyurethane (PU) foam using a Dartec materials 
testing machine. These implants were subsequently withdrawn, and the 
force required to remove them was recorded. The surgically specified 
interference of 0.8 mm was used. These pull-out tests were repeated 
three times for the peg and small keel designs, and five times for the 
standard keel. 

2.2. Model set-up 

An implicit FE model of a polyurethane bone analogue with a density 
of 20 PCF was developed using ABAQUS (ABAQUS FE, Dassasult Sys
temes, Vélizy-Villacoublay, France). The three implant designs tested 
experimentally (standard keel, small keel, and peg) were simulated. 

The foam was modelled as rectangular blocks (L 65 mm, W 80 mm, D 
40 mm) with a centrally positioned slot. The geometry of the slot used 
experimentally was replicated in the FE model save for the width, which 
was varied to give different values of interference fit. Values of total 
interference fit between 0.1 mm and 0.8 mm were simulated. 

The foam was meshed using quadratic tetrahedral elements (C3D10), 
with increased mesh density around the slot. Implants were meshed 
using triangular elements, with increased mesh density on the keel and 
the peg tip. Convergence was determined at a mesh size of 1 mm as an 
increase in mesh density of 60 % resulted in less than 6 % change in 
maximum pull-out force. 

The foam was treated as a homogenous linear elastic isotropic ma
terial with Young’s modulus of 210 MPa and Poisson’s ratio of 0.3 [24]. 
Implants were modelled using an analytical rigid definition due to the 
large difference in stiffness between the foam and the implant material 
[25]. Contact between the foam and the implant was modelled with a 
surface-to-surface contact definition. 

The bone-implant interface was modelled using the Penalty friction 
formulation in FE modelling software with a coefficient of friction of 0.9, 
based on previous experimentally measured data. The formulation 
included options for a shear stress limit and elastic slip allowance, 

Fig. 3. (a)–(c) Maximum principal stresses at full insertion at the surface of the 
resected slot for the standard keel, small keel, and peg respectively for an 
interference of 0.16 mm. The positions of the implants are shown as a 
red outline. 

Fig. 4. Stress distribution around the standard keel for a modelled interference of 0.8 mm.  
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reflecting the non-Coulomb friction observed at the bone-implant 
interface [15]. 

2.3. Boundary conditions and loading 

A pull-out test was simulated using displacement control, and the 
vertical force recorded for each combination of interference and friction 
coefficient. As the insertion of the implant causes material damage, 
which was not simulated in this model, only the pull-out segment of the 
force–displacement plots was used to compare the model to experi
mental data. The bottom surface of the foam block was defined as 
encastre, and implant motion was constrained to the y-axis. 

2.4. Optimisation of model parameters 

Initially, 5 values of interference were modelled. It was noted that 
decreasing interference decreased pull-out force, and increasing the 
elastic slip increased the displacement at which the peak pull-out force 
occurred. An iterative method of varying these parameters and 
comparing the FE solution to the experimental curve was used to find the 
combination of interference and elastic slip which best reproduced 
experimental force–displacement plots. This was carried out simulta
neously for the peg and standard keel designs to find the combination 
with the best accuracy across both geometries. This combination was 
then validated by comparing a simulation and experimental data for the 
small keel design. 

3. Results 

Fig. 2 shows the results of the parameter optimisation for the three 
designs. An interference of 0.16 mm and an elastic slip of 0.20 mm was 
able to reproduce the experimental force–displacement plots during 
pull-out. This combination over-predicted the maximum pull-out force 
and gradient of the initial segment of the pull-out test for the standard 
keel but under-predicted these for the peg design. This combination was 
chosen as a compromise to minimise these differences and could 
reproduce experimental data when used in the small keel FE model. 

For an interference of 0.16 mm and an elastic slip of 0.20 mm, the 
maximum pull-out forces from the FE models were consistent with 
experimental data, as shown in Table 1. Differences in maximum pull- 
out force between experimental and FE results ranged from 3 % for 
the standard keel to 17 % for the peg design. 

3.1. Maximum principal stresses 

Fig. 3(a)–(c) show the maximum principal stresses at the surface of 
the slot for the standard, small, and peg keels respectively for an inter
ference of 0.16 mm. Compressive forces are visible where the implant is 
in contact with the surface of the foam for both the standard and small 
keel designs, and there is an increase in maximum principal stress at the 
bottom of the slot. The stress distribution is different for the peg design, 
with a tensile stress at the surface of the slot and lower stresses at the 
bottom of the slot. For all designs, the maximum principal stresses 
occurred when the implants were fully inserted and decreased as the 
implant was withdrawn. 

Fig. 4 shows the stress distribution for an interference of 0.8 mm, the 
same as specified surgically. Comparing Figs. 4 to 3(a), which uses an 
interference of 0.16 mm, the maximum compressive stresses were − 19.2 
MPa and − 4.21 MPa, and the maximum tensile stresses were 17.4 MPa 
and 4.47 MPa for interferences of 0.8 mm and 0.16 mm respectively. 
This shows that the interference which is specified surgically is inap
propriate to use in linear elastic finite element models, as doing so re
sults in unrealistically large stresses reflecting unmodelled bone damage 
[24]. 

4. Discussion 

This study has shown that it is possible to optimise input parameters 
to reproduce experimental results which compare different methods of 
implant fixation in a bone analogue foam. 

The results indicate that the optimised combination of interference 
and elastic slip for two geometries was able to predict the experimental 
results of a third. This suggests that this combination provides a 
reasonable approximation of the foam-implant interface. This solution 
overcomes the challenges faced by linear elastic models in modelling 
damage at the foam-implant interface, allowing these relatively simple 
models to be used in future implant modelling such as for implant fix
ation or fracture risk. 

This study has certain limitations. Firstly, as the friction and inter
ference were chosen to replicate experimental results of two different 
geometries simultaneously, there is a compromise in the accuracy for 
each individual geometry. However, the motivation for this study is to 
enable comparisons between designs, and therefore the individual ac
curacy of the model is less important than the ability to model multiple 
geometries with reasonable accuracy. In this context, the models were 
able to return the same rank order of maximum pull-out force as the 
experiments, indicating that valid comparisons regarding fixation can be 
made with this model. 

Synthetic bone cannot replicate the heterogeneity or damage 
response of real bone, and the friction coefficients and viscoelasticity 
differ from those of medial subchondral bone [26,27]. These differences 
limit the extent to which the findings of this study can be applied to 
models of real bone. However, this study demonstrates a method for 
determining FE model parameters which can be used to develop a model 
of a real tibia in the future. In addition, the goal of these models is to 
assess alternative designs; complete replication of experimental results 
is unnecessary provided the model returns similar rankings for the 
alternative designs. 

Further work is required to investigate whether these models can 
recreate experimental micromotion tests in synthetic bone, as it is this 
relative motion which determines the long-term fixation of the implant. 
These models are ultimately aiming to be applied to a model of a real 
tibia to predict micromotion in-vivo after surgery. 
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