Computational Contact Modelling
of Hip Resurfacing Devices

Murat Ali and Ken Mao

Abstract A combination of computational models and theoretical methods have
been used and developed to study the contact of hip resurfacing devices under normal
and edge loading conditions. Techniques were developed and the solutions based on
using the finite element method. It was 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.
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1 Introduction

Contact mechanics, wear and surface damage of hip resurfacing devices are sub-
jects which have been studied since very early implantations and the longevity
of the devices are becoming increasingly important. The wear and surface dam-
age of these bearing surfaces occur through normal gait loading conditions, how-
ever, another problem is the stripe wear patterns observed on metal-on-metal patient
retrievals [1] and assessed devices following hip simulator studies [2]. 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 [3].
The laxity of the hip joint is understood to lead to microseperation during the gait
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Fig. 1 Hip resurfacing device with normal and edge loading wear patterns

cycle, and fluoroscopy studies have revealed how edge loading of the hip joint occurs
due to lateral sliding of the femoral component during gait [3]. The differences
between wear patterns observed during normal and edge loading conditions is shown
schematically in Fig. 1. This study expands on the research conducted by Ali and Mao
[4] to further develop techniques in assessing both the contact mechanics for wear
modelling and the application shakedown theory to cyclically loaded hip resurfacing
devices, particularly those under normal and microseperation conditions leading to
edge loaded hip resurfaced bearings.

2 Contact, Wear and Shakedown Theory

Contact mechanics forms an integral part to predicting the contact stresses and
mechanical wear associated with hip resurfacing devices. For studying the wear
of orthopaedic devices, the Archard wear model [5] has been used with finite
element analysis techniques. Although the Archard wear model [6] appears in many
forms, the form most appropriate to be used within the finite element method has
been described (1) where / is the linear wear depth, &, is the dimensional wear
coefficient, p is the contact pressure and s is the sliding distance.

h =kyps (1

Along with mechanical wear under cyclic contact, residual stresses can act to
protect the component from plastic deformation by ensuring purely elastic mater-
ial behaviour is reached in the longer term. Shakedown theory can be applied to
assess the repetitive rolling and sliding contacts of elastic-perfectly plastic materials
[7]. The transition from elastic to perfectly plastic occurs at the yield point of the
stress-strain curve and this assumes that the material does not harden under loading
conditions. Shakedown theory is based on Koiter’s and Melan’s theorems. Where
Koiter’s theorem defines the upper shakedown limit and kinematic shakedown theo-
rem, and Melan’s theorem provides the lower shakedown limit and static shakedown
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theorem [8]. Under normal cyclic walking and edge loading of the hip joint, rolling
and sliding contact is present. This is another indication that shakedown theory can
be applicable to hip joints studies, as the theory was originally used to study rolling
and sliding contact of elastic bodies. For the shakedown theory to be valid then plastic
deformation must occur to initiate residual stresses leading to purely elastic steady
state cycles, or in other words the yield strength must be exceeded for the residual
stresses to be present following the load removal.

Edge loading has been assessed using experimental simulators under cyclic load-
ing considering the rotation of the hip [9]. The significance of mild and severe
microseparation conditions were shown, also in a separate study the kinematics
and motions had a significant effect on the contact mechanics and wear rates of
devices [10].

3 Methods and Materials

Computational and numerical methods have been used to investigate the mechanical
contact of hip resurfacing devices under normal and edge loading conditions. A tech-
nique has been developed to take patient bone scans and build finite element (FE)
contact models as described in Fig. 2. The acetabular cup and femoral head compo-
nents were modelled using SolidWorks. These orthopaedic models were combined
with pelvis and femur models in an assembly. The associative interface between
the computer aided design model and finite element model allowed for geometrical
modifications to be made to the orthopaedic devices. The analysis was conducted
using ABAQUS (version 6.10-1) in combination with user defined subroutines and
custom programming.

Common to all of the finite element models, the hip resurfacing device had a
bearing diameter ¢J y of 50 mm and diametral clearance @J. of 80 um [11]. A simple
contact model was used to carry out specific comparison studies, therefore the hip
resurfacing components were backed and fully tied to rigid parts which were referred
to as model 1 (shown in Fig. 3). The elasticity of attached bone was considered for the
simulation of models 2—4. For initial conditions the cup and femoral head bearing
centre’s coincided, and all model boundary conditions were subsequently applied
within specified time steps. The assembly of model 2 has been provided in Fig.4.

A number of vertical loads were considered including: a 3900 N load which was
based on the peak load F, expected during the walking cycle and an ISO (Inter-
national Organization of Standardization) load F; of 3000N. A stumbling load Fj
of 11000N was also applied as these high vertical loads have been highlighted to
occur during patient stumbling [12]. For model 1 and model 2 the microsepera-
tion 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
[9] and a finite element study of edge loading [13]. In addition to this method, ‘pure’
microseperation was also simulated, which more closely replicates the theoretical
microseperation model proposed by Mak et al. [14].
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The coefficient of friction (1) between the head and cup was defined as 0.16 based
on the friction factor of CoCrMo on CoCrMo (cobalt chromium molybdenum) in both
bovine serum and synovial fluid [15]. The coefficient of friction value modelled in
finite element analysis was shown to have a negligible effect on the contact stress [11],
however, as the surface friction coefficient increases during the life of the component
the subsurface stresses will also increase [16]. Therefore it has been considered in



Computational Contact Modelling of Hip Resurfacing Devices 175

Fig. 4 Segmented hip model Acetabular cup

(model 2) Vertical Load
Pelvic section = p

Femoral head

Femur section

this study as the long term wear simulations can then take into account the increase
in surface friction and surface roughness during the cyclic life of the component.

For this analysis, normal “Hard” contact behaviour was modelled and the material
properties were obtained from literature and are summarised in Table 1 [17, 18]. For
the application of shakedown theory, elastic-perfectly plastic ASTM F75 CoCrMo
‘as cast’ material properties were used [19]. For the bone model material an assess-
ment was conducted to find an equivalent bone elastic modulus for the femur
Bprr and pelvis Bgp to provide a simplified material model for the contact analy-
sis. These values were determined by comparing the model stiffness of a CT
(computed tomography) scanned femur and pelvis loaded in all three anatomi-
cal directions (x, y, z) using the finite element method. A sensitivity analysis was
carried out on the bone material model to compare the elastic modulus values between
3 and 25 GPa applied to the pelvis and femur.

A full hip finite element model (Fig.5) were developed to provide validation for
using a segmented model. Except for modelling the full femur and pelvic model, this
geometrically matches that of the segmented model (model 2) for ease of compari-
son. By carrying out the finite element discritisation within the finite element analysis
package meant that all the advanced tools within this environment could be utilized.
A 2D axis symmetric model (Fig.6) was developed following the techniques
described by Udofia et al. [11] as a model to conduct a cyclic shakedown analysis and
assess the subsurface stresses under different vertical loading conditions. Standard
ISO loading and angular displacement data was used where flexion-extension and
internal-external rotation was simulated for the wear analysis, which is where the
majority of the sliding distance between the bearing devices would occur from.

Table 1 Material properties

Material Elastic Poisson’s Density
modulus (GPa) ratio (kg/m?)

CrCoMo 230 0.3 8270

Brr 12.3 0.3 1900

Bgp 6.1 0.3 1900
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By studying the kinematics of the hip joint, it is claimed that microseperation
occurs during the swing phase of gait [20, 21]. The swing phase occurs between
60 and 100 % of the gait cycle, where the head and cup relocate fully during heel
strike and edge loading occurs. As the frequency of the walking cycle ranges from
0.4-2.2Hz [22], it is expected that edge loading could occur over a time period
of 0.5s.



Computational Contact Modelling of Hip Resurfacing Devices 177

The wear simulations extract data from finite element analysis and the data was
used to calculate the sliding distance and wear depth over a number of cycles. At
predefined cyclic intervals the mesh is then updated without the need to use an adap-
tive meshing algorithm. For each identified number of cycles the total wear depth
was calculated at each node on the bearing surface as shown in (2), where & is the
total wear depth calculated over the total number of increments n for the analysis at
each node of the bearing surface. The total volumetric wear over the testing period
is given by A7 as shown in (3), where m is the total number of finite element mesh
update increments. The dimensional wear coefficients are based on values provided in
literature [23].

hp =) kpi(si —si1) )

i=1

hy = Zh, 3)

i=1

4 Results

For model 1 and based on the walking gait peak vertical load of 3900 N, the maximum
contact stress was 101 MPa without consideration of microseperation. The contact
pressure increased to a maximum of 1284 MPa along with 675 MPa von Mises stress
when 250 m of lateral displacement was applied in combination with peak vertical
loading conditions. By considering a lateral reaction force of 500N (in line with
experimental simulator test methods) without any vertical load led to a maximum
contact stress of 564 MPa, von Mises stress of 456 MPa and maximum principal stress
of 431 MPa. The simulation conducted on this model considered one cycle of edge
loading and when the edge load was removed (i.e. contact removed) plastic strain
was predicted to be less than 0.03 %. Through the assessment of edge loading due
to ‘pure’ microseperation, the contact pressure between the head and cup again was
predicted (Fig.7). A symmetrical profile occurred about the centre of contact and
the magnitude decreased as the distance from the centre of contact increased. The
maximum contact stress did not occur directly on the rim radius of the cup, but above
the rim radius. By using a spherical coordinate system to define the position of results,
the contact stress magnitude decreased as the azimuthal angle ¢ moved away from
the centre of contact. All of the contact was observed below 7° of the polar angle 6.
By taking advantage of the customisable rigid backed model and through an efficient
parametric study, the affect of cup inclination angle under ‘pure’ microseperation
conditions have been observed (Fig.8). The contact pressure increases as the cup
inclination angle increased between 30 and 60°.

For model 2, a 250 wm translation in the lateral direction led to an edge loading
reaction force of 907 N. Based on the walking gait 3900N peak vertical load the
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maximum contact pressure was 18 MPa without consideration of microseperation
(Fig.9). The contact pressure and von Mises stress increased to a maximum of 142 and
141 MPa respectively when microseperation conditions were applied in combination
with the peak vertical gait load (Fig. 10). When modelling an ISO gait loading profile
in combination with a lateral sliding edge load the contact pressure profile is observed
to be elliptical with the maximum contact pressure of 85 MPa occurring in the centre
of contact.

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 during
normal loading conditions. The total contact area for normal loading contact and
edge loading contact is provided in Fig. 11, where the maximum contact area for
normal loading (N; and N,) and edge loading (M, and M) is highlighted.

By considering the affect of anteversion the segmented hip joint assembly was
modified with a cup anteversion angle of 15°, the maximum contact stress occurred
in the region where the cup was backed by a stiffer region of the pelvis. The results
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Fig. 10 Contact pressure distribution during edge loading

obtained from the full hip model (model 3), showed maximum contact stress under
normal loading conditions to be 17 MPa. The sensitivity analysis of bone material
elasticity modulus is shown in Fig. 12.

Based on a representation of shakedown maps for line and circular contact [7, 24]
and a friction coefficient of 0.16, the component will remain in an elastic state under
contact loading as long as the load intensity P,/k does not exceed 3 (Fig. 13), where
P, and k are the maximum contact stress and material shear yield strength respec-
tively. Based on theoretical shakedown maps and considering the maximum contact
stress observed, the load intensity of the hip resurfacing device P,/ k is predicted to
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Fig. 11 Total contact area between the femoral head and acetabular cup
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lie within the elastic region of the shakedown map and no elastic shakedown is pre-
dicted to occur. Following on from this result, by conducting the 2D axis-symmetric
cyclic analysis using model 4, the stress-strain curve (Fig. 14) also predicted the hip
resurfacing device material to remain within the elastic region under normal loading
conditions even when high stumbling loads were considered.

The maximum von Mises stresses under the vertical loads Fj, Fy and Fy are
provided in Table 2. All the maximum von Mises stresses occurred below the surface
of contact, it was only when a stumbling load F; that the maximum von Mises
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Table 2 Maximum von Mises stress under vertical loads

Load Acetabular cup Femoral head
(max. stress MPa) (max. stress MPa)

Fr 34 15

Fy 45 21

F 125 66

%107 MPa predicted at the base of the femoral head stem

stress occurred at the at the bottom base of the head component. The mechanical
wear prediction for the volumetric material loss due to mechanical wear of femoral
head under flexion-extension rotation, internal-external rotation and ISO gait loading
conditions was 82 mm?>/mc (per million cycles).



182 M. Ali and K. Mao

5 Discussion

By comparing the results obtained for all computational models the effect of bone
elasticity on the contact stress and von Mises stress distributions were shown. Any
asymmetrical contact and stress distributions were predicted to be caused by the
unsymmetrical geometry of the human anatomy, but more importantly the vertical
loading and microseperation conditions. When edge loading occurred through a lat-
eral displacement of the femoral head with an ISO loading profile the contact pressure
profile was symmetrical about the centre of contact. When modelling microseperation
conditions, it was observed that the maximum contact pressure and von Mises stress
occurred towards the anterior end of the acetabular cup and femoral head. For all
three dimensional models, the plastic strains and stress were predicted to occur above
the rim radius of the cup which matches the inspections from patient retrievals and
bearing components following experimental simulator testing with microseperation.
The corresponding contact profile on the femoral head component was also depen-
dent upon the anteversion angle of the implanted cup. Due to the geometric nature
of the femoral head, the anteversion of the cup would not have any effect upon the
contact pressure profile and magnitude on the acetabular cup. The contact pressures
were also found to be insensitive to bone elastic modulus, even though a large range
of E values were modeled as a form of methodology verification.

The magnitude of stresses and contact pressures 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 pressures and stresses have also been observed by Mak et al. [13]. The
total contact area under edge loading conditions was at least 2.7 times less than under
central or normal contact conditions. 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. Following on
from the predictions and study of contact pressures, the mechanical wear simulations
provided a numerical method for predicting the gravimetric volume loss of material
following finite element ablation and comparing the total element volumes before and
after the cyclic wear process. The results were dependent upon the specific boundary
conditions, dimensional wear coefficient, contact pressure and sliding distance. The
wear loss increased linearly which also agrees with linear wear observed from device
tested using experimental simulators.

When considering both cyclic gait loading and high stumbling loads no plasticity
was observed in models 2—4, therefore, in reality it is predicted that material plasticity
is not predicted to occur under normal, edge loading or even extreme stumbling load
conditions. Although no fatigue assessments were carried out in this study, it is an
important consideration for any cyclically loaded component. Throughout this study
it is deemed that fatigue strength along with fracture toughness of Cobalt Chromium
Molybdenum are significantly larger than bone. The fracture toughness of CoCrMo
is many times greater than for bone. This high fracture toughness would much sooner
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cause femoral neck fracture, before fracture or fatigue failure of the metal-on-metal
device.

The microseperation distance of 250 um was equivalent to a force greater than
that considered in experimental simulator studies which is typically 200-500N in
magnitude. It was possible to assess the reaction forces in the edge loaded regions to
determine the contact stress results at specific loading magnitudes. This observation
also explains the high values of edge loading contact stress 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
would remain within the elastic region of a contact shakedown map, which is a ‘safe’
region for the component to be operating in under rolling and sliding contact. There-
fore, 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, edge loading or stumbling load conditions.

By assessing affect of cup inclination angle under ‘pure’ microseperation and
relocation, the increases in contact pressure above a 45° cup inclination agrees with
the increased wear rates from patients with implanted hip resurfacing devices [25],
however, it should be noted that this was conducted without any anteversion of the
acetabular cup.

The mechanical wear simulations provided comparative results against the results
obtained from experimental simulator studies considering the vast variation in
methodologies and assumptions made between the numerical and experimental
strategies.

6 Conclusion and Further Work

A combination of computational, numerical and theoretical techniques have been
used and developed, which formed the basis of studying the contact mechanics,
wear and shakedown of hip resurfacing device. The finite element method was used to
build contact models, develop numerical mechanical wear techniques from previous
studies and assess the application of shakedown theory to normal and edge loaded
hip joint resurfacing devices under different loading conditions. The severity of edge
loading contact was observed along with the significance and sensitivity of results
based on the bone backed anatomical geometry and component assembly. From the
assumptions made in this study and the modelling conditions to simulate normal and
edge loading for hip joint resurfacing devices, predictions have shown that although
cyclic loading is present during the operation of the hip resurfacing devices, 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.

The scope for studying the contact mechanics and wear of hip resurfacing devices
within its designed applications of being implanted into patients is possible without
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the need for complex density based material models. During this study it was found
that an equivalent bone modulus can be used without the need for refinement as the
affect on producing varied contact pressures was negligible.

The modelling of microseperation was carried out in two distinct and separate
ways by applying both lateral sliding and ‘pure’ microseperation. Laxity of the joint
is simulated based on a theoretical microseperation model which provides further
explanation of the increasing wear rates observed by in-vitro studies and patient
retrievals. Both microseperation simulation models showed an increase of contact
pressure by at least a factor of 2 over normal or centrally loaded hip resurfacing
devices depending on a number of factors, including the anteversion of the acetabular
cup and loading conditions. This level of contact stress increase agrees with the level
of wear rate increase from in-vitro experimental simulator studies of standard testing
including microseperation.

The Archard wear model in combination with the FE solver, provided a basis
for predicting the wear of the hip bearing surfaces. The methodological approach
adopted in this study meant that numerical and process checks could be performed at
every step to ensure that the developed simulations provided understandable results.
Further work is required to reduce the cyclic block increments to update the finite
element mesh more regularly, this will in turn allow for a contact pressure distribution
which is dependant upon the worn surface geometry. The wear simulations should
also consider the variation in dimensional wear coefficient throughout the cyclic life
of the bearing components.

Modelling verification and comparative solutions to other studies and theoretical
models have been developed for centered contact conditions; however, further work is
required to develop theoretical and computational models to more accurately simulate
and assess the effects 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 theoretical models has shown to be beneficial
in developing the simulations to hip resurfacing devices under specific conditions.
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