
 

 
Abstract—A combination of computational models and 

theoretical methods have been used to study the contact of hip 
resurfacing devices under normal/central and edge loading 
conditions. The techniques have been developed and are based 
on the finite element method. It has been found that the study 
of hip joint modelling, numerical methodologies of mechanical 
wear simulations and shakedown analysis can be developed to 
study the contact mechanics and biotribology of hip 
resurfacing devices under central and edge loading conditions. 
Each method developed in this study provides a unique 
platform to study these problems. 
 

Index Terms—Biotribology, contact, finite element analysis, 
shakedown, wear. 

I. INTRODUCTION 

he study of contact mechanics, wear and surface 
damage of hip replacement and resurfacing devices 
have been considered since very early implantations and 

the longevity of the devices are becoming increasingly 
important. The wear and surface damage of these bearing 
surfaces occur through normal gait loading conditions, 
however, another particular problem is the stripe wear 
patterns observed on both metal-on-metal (MOM) and 
ceramic-on-ceramic (COC) patient retrievals [1], [2] and hip 
simulator studies [3], [4]. It has been claimed that edge 
loading occurs during the walking cycle of the patient; 
therefore ‘microseperation’ is simulated into each cycle 
during experimental wear testing [5]. The laxity of the hip 
joint is known to lead to microseperation during the gait 
cycle, and fluoroscopy studies have revealed how edge 
loading of the hip joint is caused by lateral sliding of the 
femoral component during gait [5], [6].  

Contact analysis, wear assessments and the application of 
shakedown theory all play any important part in improving 
the performance of designs within contact problems where 
cyclic loading occurs. For a component under cyclic loading 
any residual stresses can act to protect the component from 
plastic deformation by ensuring purely elastic material 
behaviour is reached in the longer term. It is possible that 
shakedown theory can be applied to contact surfaces at the 
micro asperity level between two devices in contact [7], and 
the theory can also be applied to assess the repetitive rolling 
and sliding contacts for elastic-perfectly plastic materials  
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[8]. Results from experimental hip simulator studies have 
also shown an increase in surface roughness as the number 
of contact cycles increase, which can further justify the 
application of shakedown theory at an asperity level. 
Shakedown theory is based on Koiter’s and Melan’s 
theorems. Where Koiter’s theorem defines the upper 
shakedown limit and kinematic shakedown theorem, and 
Melan’s theorem provides the lower shakedown limit and 
static shakedown theorem [9]. 

Previous studies have used a number of inspection 
techniques to assess the surface wear zones [10], [11], 
however very few assess the subsurface at these zones. In 
one study, the subsurface structure of metal-on-metal hip 
implants have been inspected at the primary wear zones 
(under normal ISO gait loading conditions) and stripe wear 
zones (under swing phase load conditions) during 
experimental simulator testing. The subsurface assessments 
of both experimental tested components and patient 
retrievals show similar microstructures following patient 
usage and testing. There were no significant differences 
between the subsurface microstructure changes in the 
primary and stripe wear zones [12]. 

As a separate but related technique for studying 
mechanical wear of orthopaedic devices, the Archard wear 
model [13] has been used with finite element analysis 
techniques. Although the Archard wear model appears in 
many forms, the form most appropriate to be used within the 
finite element method has been described by (1) [14] where 
H is the linear wear depth, Kw is the dimensional wear 
coefficient, p is the contact stress and s is the sliding 
distance. 

 
psKH w                                    (1) 

 
The purpose of this study was to develop techniques to 

assess the contact mechanics for wear modelling wear and 
application shakedown theory to cyclically loaded hip 
resurfacing devices, particularly those under normal and 
microseperation conditions leading to edge loaded hip 
resurfaced bearings. 

 

II. MATERIALS AND METHODS 

Computational and numerical methods have been used to 
investigate the mechanical contact of hip resurfacing 
devices under normal and edge loading conditions. Two 
components in contact can be modelled using finite element 
analysis, for a single load pass i.e. 1st cycle, the contact 
stress, residual stress, sub surface stress, deformation and 
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strain can be determined. Following the loading of the first 
cycle residual stress can also be considered, and the process 
continues for further cycles until a steady state has been 
reached, at this stage an elastic state will have been reached 
if it has not already during the 1st loading and contact cycle 
[15]. To understand the contact conditions, it is likely that 
both rolling and sliding contact occurs during normal and 
edge loading of hip resurfaced joints; however this has not 
been explicitly quantified or proved in literature. 

 

A. Computational and numerical processes 

A technique has been developed to take patient bone 
scans and develop finite element (FE) contact models as 
described in Fig. 1. 
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Fig. 1. Bone scans to FE contact models 

 

B. Finite element models 

Finite element models were developed in this study which 
are referred to as models 1-4. The hip resurfacing device 
was modelled with a bearing diameter (Øf) of 50 mm and 
diametral clearance (Øc) of 80 µm [16]. To consider worst 
case conditions and start with a simple contact model, hip 

resurfacing components were backed and fully tied to rigid 
parts (Fig. 2); and elasticity of attached bone was considered 
for the simulation of models 2-4. For all models, it is 
assumed that full contact and bonding is maintained 
between the top surface of the acetabular cup and acetablum 
and likewise between the bottom surface of the femoral 
head component and femur. Perfect sphericity of the cup 
and femoral head were also assumed. For initial conditions 
the cup and femoral head bearing centres coincide, and all 
model loads and displacements were subsequently applied 
within time steps. Both the acetabular cup and femoral head 
solid models were developed using SolidWorks and all 
finite element analysis were conducted using ABAQUS 
(Version 6.10-1). 
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Fig. 2. Assembly of rigid backed components (model 1) 

 
A vertical load (Fy) of 3900N was applied based on the 

peak load expected during the walking cycle, however a 
stumbling load (Fs) of 11000N was also considered, as these 
high vertical loads have been highlighted to occur [17]. 
Microseperation was modelled by translating the cup 
bearing centre in the lateral direction (i.e. along the 
anatomical lateral-medial axis) as used in experimental 
testing methods [18] and a finite element study of edge 
loading [19]. The coefficient of friction (µ) between the 
head and cup was modelled as 0.16 based on the friction 
factor of CoCrMo/CoCrMo in both bovine serum and 
synovial fluid [20]. Of all material combinations studied by 
Scholes et al. this was the largest friction factor value 
recorded. The coefficient of friction value modelled in finite 
element analysis has been shown to have a negligible effect 
on the contact pressure [16], however, as the surface friction 
coefficient increases during the life of the component, the 
subsurface stresses will also increase [21], therefore it has 
been considered in this study. Meshing techniques were 
selected based on the geometry of the components and 
element types were selected appropriately for simulating 
contact problems. 

For contact modelling where a plastic material model was 
considered [22], current literature has shown that the option 
for selecting a kinematic or isotropic hardening model 
would provide very similar results [23]. For this analysis, 
normal “Hard” contact behaviour was also modelled and the 
material properties have been obtained from literature and 
are summarised in Table I [24] ,[25]. 
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TABLE I 
MATERIAL PROPERTIES 

Material Elastic modulus Poisson ratio Densityb 

CrCrMo 230 0.3 8270 
BEF 12.3 0.3 1900 
BEP 6.1 0.3 1900 

 

aElastic modulus (GPa), bDensity (kg/m3) 

 
By modelling a section of the femur and pelvis the 

elasticity of these two parts can be considered (Fig. 3) in the 
contact analysis. The modelled bone sizes have been 
checked [26], to ensure the bone models were representative 
of real specimens. The same modelling approach, loading 
and boundary conditions from model 1 were considered in 
models 2-4. 
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Fig. 3. Segmented hip joint model (model 2) 

 
A 2D axis symmetric model (Fig 4a) was developed 

following the model techniques used by Jin et al. [16] as a 
simple model to conduct a cyclic shakedown analysis. A full 
hip finite element model (Fig. 4b) has been developed to 
provide validation for using a segmented model and to 
provide a more realistic model for central and edge loading 
conditions. 
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Fig. 4. (a) 2D Axis-symmetric model (model 3) and (b) full hip joint model 
(model 4) 

 

For the application of shakedown theory, elastic-perfectly 
plastic material properties must be considered. The material 
considered is ASTM F75 CoCrMo ‘as cast’ material, which 
is the material choice for the Birmingham Hip Resurfacing 

device (BHR). The material properties are adapted [22] to 
consider an elastic-perfectly plastic material model. For the 
bone model material an assessment was conducted to find 
an equivalent bone elastic modulus for the femur (BEF) and 
pelvis (BEP) as shown in table 1 to provide a simplified 
material model for the contact analysis. This was obtained 
by comparing model stiffness of a CT femur and pelvis 
bone scan loaded in all three directions (x,y,z) to obtain BEF 
and BEP. This value of elastic modulus offers a bone model 
stiffness to within 5% of the full bone material model. 

By considering the kinematics of the hip joint, it is 
understood that microseperation leads to edge loading 
during normal walking gait, and it is claimed that 
microseperation occurs during the swing phase of gait [27], 
[28]. The swing phase occurs between 60% and 100% of the 
gait cycle, where the ball and cup relocate during heel strike 
and edge loading occurs. As the frequency of the walking 
cycle ranges from 0.4 - 2.2 Hz [29], it is expected that edge 
loading could occur over a time period of around 0.5s. 
 

C. Wear increment methodology development 

The contact analysis forms a considerable part of 
simulating the mechanical wear of these devices. Although 
similar techniques have been applied to study device wear, a 
methodology was developed to calculate the linear wear at 
the end of each analysis increment, and the finite element 
mesh to be updated at the end of every increment. A user 
defined subroutine has been used to calculate the sliding 
distance between each increment in the analysis. A method 
of recording and saving the contact sliding distance during 
the analysis has also been used and the finite element solver 
has been used to determine the contact pressures [30]. It is 
assumed that the wear coefficient obtained experimental, 
will cover the complex wear mechanisms occurring during 
the wear process. The numerical methodology has been 
developed to allow for the variations in wear rates to be 
considered by setting the dimensional wear coefficient 
values at cyclic points in during the analysis (i.e. bedding-in 
phase).  

 

D. Theoretical contact and microseperation models 

The finite element model was validated against 
theoretical calculations under centred/normal loading 
conditions. These calculations were based on Hertz contact 
theory derived as shown in (2) and (3) [16] to calculate the 
contact radius (b) and maximum contact stress (σc), where 
R, ν and E are the effective radius, Poisson’s ratio and 
modulus of elasticity respectively. 
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To understand and define the distance for onset of rim 

contact (s) an equation has been derived by Mak et al. (4), 
where θ is the cup inclination angle and c is the bearing 

(a) (b) 
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radial clearance. This equation shows that if the 
microseperation distance exceeds Øc for a cup inclination 
angle of 45º, then this will lead to contact between the edge 
of the cup and femoral head (i.e. edge contact). [31] 

 

cs 





 

tan

1
1                    (4) 

III. RESULTS 

A. Model 1: Rigid backed model 

Based on the walking gait peak vertical load of 3900 N the 
maximum contact pressure was 101 MPa without 
consideration of microseperation. The contact pressure 
increased to a maximum of 1284 MPa (Fig. 5) respectively 
when 250 μm of lateral displacement was applied in 
combination with the peak load as shown above the rim of 
the acetabular cup. By considering a lateral reaction force of 
500N (in line with experimental simulator test methods) 
without any vertical load led to a maximum contact pressure 
of 564 MPa, von Mises stress of 456 MPa and maximum 
principal stress of 431 MPa. 

 

 
Fig. 5. Rigid backed edge loading contact pressure distribution 

 
The simulation conducted on this model considered one 

cycle of edge loading, however edge loading could occur in 
a cyclic manner. When the edge load was removed (i.e. 
contact removed) plastic strain was predicted to be 
negligible. Through the assessments of the subsurface 
stresses in the edge loaded region it was found that the 
maximum stress occurred at the subsurface (Fig. 6.) 
 

 
Fig. 6. Edge loaded subsurface strain location 

 

B. Model 2-3: Segmented and full hip joint model 

For model 2, the reaction forces were checked to ensure 
3900 N was applied in the vertical direction. It was also 
noted that a 250 µm translation in the lateral direction led to 
an edge loading reaction force of 907 N. Based on the 
walking gait peak vertical load of 3900 N the maximum 
contact pressure was 18 MPa without consideration of 
microseperation (Fig. 7a). The contact pressure (Fig. 7b.) 
and von Mises stress increased to a maximum of 142 MPa 
and 141 MPa respectively when microseperation conditions 

were applied in combination with the peak load as shown on 
the edge of the acetabular cup. The results obtained from the 
full hip model, showed maximum contact pressure under 
normal loading conditions to be 17MPa, which match 
closely the results obtained for model 2. By conducting 
analysis using the full hip model, edge loaded regions and 
high contact pressures are less prominently observed in the 
results. 

 
 

 
Fig. 7. (a) Centrally loaded contact distribution (b) edge loaded contact 
pressure distribution of model 2. 
 

By comparing the maximum stresses and stress 
distributions between model 1 and model 2-3 the effects of 
modelling strategy can be observed. The contact patch for 
edge loaded acetabular cups and femoral heads were noted 
to be elliptical (with a high b/a ratio) compared with a 
circular contact area for centrally loaded cups and heads. 
The total contact area for centrally loaded contact and edge 
loading contact has been provided in Fig. 8. 
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C. Shakedown assessment (all models) 

Based on shakedown maps for line and circular contact 
[7], [8] and a friction coefficient of 0.16 the component will 
remain in an elastic state under contact loading as long as 
the load intensity Po/k does not exceed 3 (Fig. 9.), where Po 
and k are the maximum contact pressure and material shear 
yield strength respectively. The value of k (5) was 
calculated based on the definition of this calculating this 
value in literature [8]. Based on theoretical shakedown maps 
and considering the maximum contact pressure observed, 
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the load intensity Po/k is predicted to lie within the elastic 
region of the shakedown map and does not fall within the 
predicted elastic shakedown regions of the shakedown 
maps. By conducting the 2D axis-symmetric cyclic analysis 
using model 4, the stress-strain curve predicts the hip 
resurfacing device material to remain within the elastic 
region under normal loading conditions. 

 

yk 3                            (5) 

L
oa

d 
in

te
ns

ity
 P

o
/k

Coefficient of friction µ

1

0

2

3

4

5

0.1 0.2 0.3 0.4 0.5

Elastic region

Elastic-perfectly plastic 
shakedown limit

Elastic shakedown region

 
Figure 9. Shakedown map representation for line contact [7] 

 

IV. DISCUSSION 

By comparing the results obtained for all computational 
models the effect of bone elasticity on the contact pressure 
and von Mises stress distributions is shown. Any 
asymmetrical contact and stress distributions are predicted 
to be caused by unsymmetrical geometry of the human 
anatomy. When considering microseperation conditions, it 
was observed that the maximum contact pressure and von 
Mises stress is observed towards the anterior end of the 
acetabular cup (Fig. 7b.). For all three dimensional models, 
the plastic strains and stress were found to be above the rim 
radius of the cup as inspected from patient retrievals and 
experimental simulations which consider microseperation 
conditions. The corresponding contact on the femoral head 
component is also dependant upon the anteversion angle of 
the implanted cup. 

The magnitude of stresses and contact pressures observed 
may appear large for model 1 however, the rigidity of 
backing components have shown to increase the results by 
at least a factor of 5 over the results obtained using models 
2-4. These high levels of contact pressure and stress have 
also been observed by Mak et al. [19]. The maximum stress 
and therefore plastic strain (Fig. 6.) was observed below the 
surface of the material as predicted by Hertz theory for 
surfaces in contact with a coefficient less than 0.3. For 
model 1, the total contact area under edge loading 
conditions was 2.7 times less than under central/normal 
contact conditions (Fig. 8.). This is an important finding as 

the contact patch dimensions directly affects the linear wear 
as does the contact pressure according to the Archard wear 
model used to study wear of the bearing surfaces. The 
Archard wear model in combination with the FE solver, 
provides a basis for modelling the wear of the bearing 
surfaces. No plasticity was observed in models 2-4, 
therefore, in reality it is predicted that material plasticity 
will not occur under normal and edge loading conditions. 

Although fatigue assessments are an important 
consideration for any cyclically loaded component, through 
this study it is deemed that fatigue strength along with 
fracture toughness of Cobalt Chromium are significantly 
larger than bone. The fracture toughness of cobalt-
chromium-molybdenum (CoCrMo) could be up to 50 times 
greater than for bone [32]. This high fracture toughness 
would much sooner cause femoral neck fracture [33], [34] 
before fracture or fatigue failure of the metal-on-metal 
device. 

The microseperation distance of 250 µm (to a maximum 
of 500 µm) was equivalent to a force greater than that 
considered in experimental simulator studies which is 
typically 200 N to 500 N in magnitude. It was possible to 
assess the reaction forces in the edge loaded regions to 
determine the contact results at specific loading magnitudes. 
This observation also explains the high values of edge 
loading contact pressure observed in model 1. Based on the 
maximum contact pressure and calculated value of k, a low 
value of load intensity, suggests that the component under 
central and edge loading conditions will remain within the 
elastic region of a contact shakedown map, which is a ‘safe’ 
region for the component to be operating in. Therefore, in 
terms of the hip resurfacing devices response to loading, 
elastic shakedown, plastic shakedown or ratcheting 
behaviour is unlikely to be observed, during normal contact 
conditions or edge loading conditions. 

 

V. CONCLUSION 

A combination of computational, numerical and 
theoretical techniques have been used and developed, which 
formed the basis of studying the contact problems described 
with hip resurfacing devices. The finite element method was 
used to build contact models, develop numerical mechanical 
wear models from previous studies and assess the 
application of shakedown theory to normal and edge loaded 
hip joint resurfacing devices. The severity of edge loading 
contact was observed along with the significance and 
sensitivity of modelling techniques used to the results 
obtained. Based on the assumptions made in this study and 
the modelling conditions used to simulate normal and edge 
loading occurring on hip joint resurfacing devices, 
predictions have shown that although cyclic loading is 
present during the operation of the hip resurfacing devices 
under operating conditions; elastic shakedown, plastic 
shakedown or rachetting is not predicted to occur. The 
resurfacing device material is predicted to remain operating 
within the elastic region. It should be noted that this 
conclusion is drawn without the direct assessment of 
asperity shakedown, which will be considered in future 
studies.  
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In this study modelling verification, comparative 
solutions to other studies and theoretical models have been 
developed for centred contact conditions; however, further 
work is required to develop theoretical and computational 
models to more accurately simulate and assess the affects of 
edge loading and microseperation on hip resurfacing 
devices. The kinematics of these conditions during human 
joint motion should be considered in more depth if 
simulations are to more accurately model these problems. 
Overall, using a combination of techniques and theory has 
shown to be beneficial in developing the simulations to hip 
resurfacing devices under specific conditions. 
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