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After hip replacement, in cases where there is instability at the joint, contact between the femoral head and the
acetabular liner can move from the bearing surface to the liner rim, generating edge loading conditions. This has
been linked to polyethylene liner fracture and led to the development of a regulatory testing standard (ISO
14242:4) to replicate these conditions. Performing computational modelling alongside simulator testing can
provide insight into the complex damage mechanisms present in hard-on-soft bearings under edge loading. The
aim of this work was to evaluate the need for inertia and elastoplastic material properties to predict kinematics
(likelihood of edge loading) and plastic strain accumulation (as a damage indicator).

While a static, rigid model was sufficient to predict kinematics for experimental test planning, the inclusion of
inertia, alongside elastoplastic material, was required for prediction of plastic strain behaviour. The delay in
device realignment during heel strike, caused by inertia, substantially increased the force experienced during rim
loading (e.g. 600 N static rigid, ~1800 N dynamic elastoplastic, in one case). The accumulation of plastic strain is
influenced by factors including cup orientation, swing phase force balance, the moving mass, and the design of
the device itself. Evaluation of future liner designs could employ dynamic elastoplastic models to investigate the

effect of design feature changes on bearing resilience under edge loading.

1. Introduction

Edge loading conditions can occur in total hip replacements (THR).
This is where the contact between the femoral head and the acetabular
liner moves from the medial bearing surface to the liner rim and is
thought to be due to small levels of instability at the hip joint. Edge
loading has been linked to adverse tissue reactions from metal-on-metal
wear [1,2], squeaking [3] and fracture [4] of ceramic-on-ceramic de-
vices. The physiological causes for joint instability will vary from patient
to patient and event to event. They may be driven by the direction of the
resultant hip contact force relative to the liner, by lever-out due to
impingement, or by other mechanisms. Gait studies under imaging have
shown that separation of the device head and cup (leading to edge
loading) can be measured in vivo [5], and is prominent for standard,
unconstrained metal-on-polyethylene devices [6]. Evidence of edge
loading has been seen in clinical device retrievals, including the fracture

of some polyethylene acetabular liners [7].

The need to evaluate potential new devices under edge loading
conditions prior to implantation, has driven the development of a reg-
ulatory testing standard (ISO 14242:4) [8] to generate edge loading
conditions in all but the most constraining hip replacement designs. In
these tests, idealised simulation of hip joint gait is modified to include a
driver for separation of the acetabular cup and femoral head during the
swing phase. An additional spring is attached along the mediolateral
(ML) axis, with a pre-set compression (also referred to as the mismatch),
which generates a force causing the contact location to move laterally
towards the liner rim. During the stance phase the axially applied joint
contact force is sufficiently high that the contact location remains within
the main bearing surface, but the lower axial load during swing phase
allows the mediolateral spring force to translate the contact location
towards, and sometimes onto, the liner rim.

Standardised testing has produced evidence of the effects of edge
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loading under controlled conditions [9,10] and shown that these effects
are complex for the hard-on-soft bearing combination [11], where the
most common acetabular liner material is Ultra High Molecular Weight
Polyethylene (UHMWPE). While edge loading conditions have been
seen to reduce liner volume change for hard-on-soft bearings in com-
parison to standard conditions [12], possibly due to differences in both
contact area and lubrication conditions, they have also been linked to
rim damage and device fracture [11].

Performing computational modelling alongside controlled simulator
testing can provide insight into the mechanisms by which damage
happens, and aid in designing devices which are better able to withstand
edge loading conditions. Static modelling studies have considered
deformation and damage and have shown that edge loading led to
increased plastic strain [13-15], increased contact pressures [13-17],
and increased liner peak von Mises stress [15]. It is also possible that
edge loading contributes to disassociation of the acetabular cup from its
fixation, with modelling showing the highest torque on the shell
occurring at the highest separation [18].

There is a need to develop an improved understanding of the
mechanisms underlying edge loading damage, to inform future device
design and testing. Dynamic rigid modelling studies have shown that the
inclusion of damping effects, such as inertia or friction, increases the
peak force transferred through the edge of the cup during heel-strike
[19-21]. This additional force is not captured in the studies using
static modelling to analyse edge loading effects. Therefore, to fully
capture the loads experienced during an edge loading cycle and make
predictions about liner stress, contact area, or damage indicators, it
seems necessary to combine inertial effects with elastoplastic material
properties. To the authors’ knowledge no published research paper has
combined these effects to investigate the effect of dynamic edge loading
kinematics and the additional complexity naturally adds to the
computational cost of the enterprise. The aim of this work was to eval-
uate the need for various levels of complexity in a finite element (FE)
model predicting the likelihood and consequences of edge loading
conditions in a THR with an UHMWPE liner. The need for a complex
model, incorporating both inertia and elastoplastic material properties,
was assessed in terms of kinematics and in terms of plastic strain
accumulation.

2. Methods

The objectives of this work were: to evaluate the effects of a com-
bination of inertia and material deformation on head-cup separation
behaviour, and determine whether this additional complexity is
required for accurate prediction of experimental separation behaviour
(studies 1 and 2); and to investigate the factors contributing to increases
in damage indicators within a dynamic, elastoplastic model, such as
kinematics, instantaneous forces and contact location (study 3).

Study 1. A dynamic deformable FE model was compared against both
ISO 14242:4 experimental data [22] and a much simpler, static rigid
model prediction (Python Edge Loading, PyEL [19]). This served to
validate the overall behaviour of the FE model and to establish whether
the addition of both inertia and material deformation had any sub-
stantial effects on the separation of the head and the cup during swing
phase. A set of 32 parametric scenarios were tested, representing a full
factorial combination of swing phase load, mediolateral mismatch and
inclination angle values. The values tested for each parameter are listed
in Table 1.

Study 2. The second study investigated how inertia and deformation
could affect the kinematics during portions of the load cycle where they
are more difficult to measure and evaluate experimentally (such as heel-
strike and toe-off), but where they may have a significant contribution to
the accumulated liner damage and wear seen post-test. The kinematics
were compared between the full dynamic deformable FE model and the
simpler static rigid prediction. This analysis was undertaken for selected
cases, with a fixed cup inclination angle of 45° and mismatch (pre-set
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Table 1

Details of parametric settings for all cases performed for each different edge
loading model. All THR devices had 36 mm metal femoral heads articulating
against polyethylene acetabular cups.

Experiment PyEL Dynamic
Deformable FE
Mismatch 1-4 mm 1-4 mm 1-4 mm
Swing Phase Load 70, 100, 200, 70, 100, 200, 70, 100, 200, 300 N
(SwPL) 300N 300N
Inclination 45, 65° 45, 65° 45, 65°
Run Time (per case) ~1 minute ~24 hours

spring compression) level of 4 mm (Table 1) and swing phase loads of
70N and 200N. These cases were selected for detailed analysis due to a
relatively large difference in the 200N case between the maximum
separations from the two models during study 1.

Study 3. The final study investigated whether the propensity for liner
damage could be predicted through correlations to the kinematics alone,
or whether explicitly calculating the deformation and damage is
required. The relationships between the force scenario, the separation
behaviour, the contact mechanics, and the plastic strain were analysed
in the dynamic, deformable FE model. Contact pressures and areas were
analysed to show the effect of loading on the device rim, peak plastic
strain was recorded as a measure of localised damage and geometry
change, and the total plastic dissipated strain energy was used as a
measure of total damage and geometry change.

All cases used the geometry of a 36mm metal-on-polyethylene (MoP)
THR bearing (PINNACLE® MARATHON®, DePuy Synthes, UK), with a
neutral liner and a radial clearance of 0.5 mm.

The PyEL model [19], is a static, frictionless, rigid model which
calculates the axial forces required to generate 3000 separation posi-
tions and reconstructs the load cycle behaviour. The liner geometry was
represented by a point cloud generated from a 0.05 mm triangular
element surface mesh and the head was modelled as an analytical
sphere.

In the dynamic deformable FE model (Fig. la), the head was
modelled as a rigid body meshed with 1.5 mm linear hexahedral ele-
ments (p = 4.37 x 10% kg/m>). The liner was a deformable body meshed
with 1.5mm linear C3D8R hexahedral elements and was given elasto-
plastic material properties of MARATHON® Cross-linked UHMWPE
(linear elastic modulus 677 MPa, yield stress 8.4 MPa). The acetabular
shell was meshed with 2mm hexahedral elements, given linear elastic
material properties representing titanium alloy (E = 114.5 GPa, v =
0.34, p = 4.43 x 10° kg/m®). The shell was tied into a rigid body cup
holder representing the experimental test fixture, with an assigned in-
ertial mass of 2.5kg. Frictionless contact conditions were assumed at the
bearing surfaces and a perfectly bonded condition was assumed between
the acetabular shell and the liner. The dynamic time increment was

Axial applied
force (cyclic)

Medial Lateral
Cup holder —— >,
Metal shell T
Polyethylene cup \

| Spring and
Rigid head ’ damper

Fig. 1. Schematic of the dynamic deformable finite element model.
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globally estimated by the explicit solver (Abaqus v6.14, Dassault
Systémes, France) based on the size and wave speeds of the elements in
the model. Mesh sensitivity was performed to produce converged con-
tact areas under direct bearing surface contact [23]. The overall element
quality with the polyethylene liner was good (face angles in degrees:
average minimum 75, average maximum 105, ideal 90; aspect ratio:
average 2.3, ideal 1) and any elements of lower quality were away from
the rim area. Further refinement was limited by run time (Table 1).
Following the convention in experimental literature [24], cup inclina-
tion angles will be given in this paper as the clinical inclination (e.g. a
clinical inclination of 45° is implemented in experimental simulation at
35°).

For each combination of input settings, a pre-analysis run was per-
formed where the spring was compressed with the cup constrained in
place, and then the cup was released. The damping coefficient was
varied until a value representing critical damping was found (quickest
return to stable without any oscillation). The test-specific critical
damping coefficient was then used for each FE case to maximise solution
stability. All cases used a spring stiffness of 100 N/mm.

The main analysis was performed in three steps. Contact within the
main bearing surface was established by constraining all ML translation
of the cup and applying the swing phase load in the axial direction. The
ML constraints were then released, allowing the cup to translate to a
separated position. A loading profile representing one cycle used in the
experimental testing (at 1 Hz) was then applied.
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The experimental data, showing maximum separation of the head
and the cup, was taken from a previous study [22]. A hip joint simulator
(ProSim EM13, Simulation Solutions, UK) was used along with the
protocol from ISO 14242:4 [8]. The hip replacement device and the set
of 32 scenarios matched those described above.

3. Results and discussion

The data associated with this paper are openly available from the
University of Leeds Data Repository [25].

Study 1: Verification and validation of the dynamic deformable FE sep-
aration behaviour

Experimental results suitable for direct comparison were only
available for a subset of the cases, as machine and measurement limits
precluded accurate separation measurements below a certain threshold,
which was variable based on the mismatch [19]. Where comparisons
could be made the models replicated the experimental trends. The FE
model consistently overestimated the experimental maximum separa-
tion (with a mean overestimation of 0.3 mm, Fig. 2). As identified and
described in Etchels et al. [19], small amounts of bending and defor-
mation of the simulator fixtures results in a reduction in the effective
spring stiffness and the additional compliance reduces the spring
compression required to allow for a given separation. Experimentally,
the equivalent spring stiffness will therefore be lower than that used in
the models and this will be responsible for some of the 0.3 mm
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Fig. 2. Comparison of the experimental, dynamic deformable FE, and static rigid PyEL maximum separations at a 45° (A) and 65° (B) clinical inclination angle.
Experimental cases where the result was below the measurement sensitivity threshold for each mismatch (0.7, 1.1, 1.6, and 2.1mm for 1, 2, 3, and 4mm mismatches)
have been omitted. Experimental values are the mean from three stations. Experimental error bars represent & 1 SD across those three stations. The numbers above

the bar groups indicate the swing phase load applied.
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overestimation. Bearing friction in the experimental results would also
likely reduce the maximum separation compared to the computational
models.

There was good agreement between the dynamic deformable FE
model and the static rigid PyEL model, for the measure of maximum
separation. Differences between the FE and PyEL models were relatively
small compared to the mesh resolution of the FE liner (1.5mm). The lack
of a clear trend for the difference between the models may be due to
specific rim features, to which the rigid point contact PyEL model is
more sensitive.

Study 2: The effect of inertia on through-cycle separation behaviour

The through-cycle separation behaviour from the dynamic deform-
able and static rigid (PyEL) models were compared to evaluate the
combined effects of inertia and deformation (Fig. 3). Where the swing
phase load was lower and the resulting separation was higher (Fig. 3A),
the effect of inertia, and material and spring damping could be seen in a
slower change in separation during heel-strike and toe-off. There were
clear differences in terms of the peak load under edge loading conditions
at heel-strike. For this device design and inclination angle the contact
position was found to move to the edge of the bearing surface at a
separation of approximately 0.8 mm. For the static rigid model this
occurred at an axial load of approximately 600N, whereas the same
separation occurred at an axial load of ~1800N in the dynamic
deformable case.

The PyEL model predicted some sharp changes in separation due to
movement of the contact location across specific rim features and
boundaries of the liner, whereas the inclusion of deformation resulted in
smoother transitions. In the deformable model maximum separation
values result from a combination of material deformation and sliding

Maximum separation measurement
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Fig. 3. Comparison of the mediolateral (ML) separation through the gait cycle
as predicted by the dynamic deformable finite element model and a static rigid
prediction (PyEL). Results given for cases with (A) a 45° clinical inclination,
4mm mismatch, and 70 N swing phase load, and (B) a 45° clinical inclination, 4
mm mismatch, and 200 N swing phase load.
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across the rim, with the balance between the two being device and
orientation specific. This goes some way to explaining the small differ-
ences in maximum separation between the two model types.

Study 3: Prediction of plastic strain in hip device separation testing

Cases where separation was less than ~1 mm maintained a large
contact area and avoided plastic strain accumulation (Fig. 4) even under
relatively high forces. In cases where the level of separation was suffi-
cient to move the contact towards the cup rim (>1mm) and reduce the
contact area, plastic strain accumulation was seen. For convenience
these cases will be referred to as having “rim contact”. However, the
relationship between maximum separation and plastic strain accumu-
lation was not straight forward and is confounded by several factors.

In cases with rim contact, there were two drivers for additional
plastic strain accumulation, namely additional force and additional
sliding across the rim. These two mechanisms are illustrated in Fig. 5
where higher contact forces caused the increase in plastic strain accu-
mulation, and in Fig. 6 where additional head-cup separation resulted in
the centre of pressure translating further across the rim and causing
damage at more locations.
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Fig. 4. Maximum separation (A), swing phase contact area (B), and total
accumulated plastic strain (C) (represented by the total strain energy dissipated
through plasticity) for all swing phase load cases at the 45° clinical inclination
angle with a 4 mm mismatch, from the dynamic deformable FE model. (No
plastic strain was seen under the highest swing phase load.)
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In cases where the (axial) swing phase load was high and the (ML)
spring ‘mismatch’ was also high, the head-cup separation may be rela-
tively low, but the resulting high contact force generated additional
plastic strain energy (Fig. 5D compared to Fig. 5C). It is therefore
possible to generate the same head-cup separation, yet different levels of
plastic strain (increase shown in Fig. 5B), due to the contact forces
created by the specific combination of swing phase load and mismatch.

The inclination of the cup relative to the axes of the applied loads
provided another confounding factor, through two mechanisms. Firstly,
a change in cup orientation caused a change in rim position and there-
fore affected the separation threshold at which rim loading is reached.
Secondly, the orientation of the geometry affected the balance of
tangential and normal contact forces, and therefore the sliding behav-
iour on the rim. These effects can be seen in the change of trends be-
tween Fig. 5A and 5B.

A reduction in swing phase load was found to generate a wider range
of contact locations on the rim, increasing the total accumulated plastic
strain in the liner without necessarily increasing the peak plastic strain
values. In Fig. 6A, the 300 N swing phase load prevented movement of
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the contact to the rim, spreading the contact over a larger area and
protecting the liner from yielding. A reduction of the swing phase load to
200 N (Fig. 6B) moved the contact to the rim and initiated plastic
damage. Reducing the swing phase load further, to 70 N (Fig. 6C),
resulted in further sliding and additional yielding of the newly contacted
UHMWPE with little effect on the previously damaged regions.

Due to analysis time constraints, and a runtime of ~24 hours per
case, the dynamic deformable models presented in this study were
restricted in mesh resolution. For detailed liner stress and strain infor-
mation suitable for direct comparison to failure criteria, beyond the
analysis of trends and mechanisms, further optimisation and develop-
ment of the model will be needed to balance precision with computa-
tional cost.

4. Conclusion
The dynamic deformable FE model of edge loading developed in this

work was verified through comparison to a simple static rigid model and
validated by comparison to experimental test data. The trends in
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Plastic Strain at 45°, 4mm mismatch
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maximum bearing separation with different input case parameters
(force environments and orientations) could be well replicated by both
the dynamic deformable FE model and the simple static rigid model.
Given an aim of predicting separation behaviour for experimental test
planning, there are some disadvantages to a static rigid modelling
approach for hard-on-soft bearings, as it can overestimate the impor-
tance of specific rim geometry features and edges, which in a deformable
model will be smoothed out within the contact area. However, dynamic
deformable FE models of edge loading have limited advantage and a
significant increase in analysis time for experimental pre-test planning
focused on estimations of the maximum separation alone, and static
rigid models are sufficient for that task.

In order to analyse the potential for acetabular liner damage under
edge loading it is necessary to include an elastoplastic material model.
When that material model is integrated into a dynamic model the
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computational cost and complexity increases substantially, making it
important to demonstrate the necessity of the dynamic aspect. The in-
clusion of inertia was shown to modify timing of the beginning and end
of edge loading, which delayed both separation during toe off and
relocation at heel strike. In some cases, the delay at heel strike generated
a load on the rim of three times that of the static case. This increase in
the contact force experienced during edge loading could have substan-
tial implications for predictions of liner damage and is therefore
important to capture.

Understanding the mechanisms behind the damage to UHMWPE
liners, both in vitro and in vivo, under edge loading conditions can be
aided by dynamic, elastoplastic FE models that capture in combination
the differences between load cases and liner designs. In this work, plastic
strain in the liner was increased either by the generation of higher
strains under the contact through increased contact force, or by
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sweeping the contact over a larger portion of the rim. These are mech-
anisms that could also be induced by device design feature changes.
Optimisation and evaluation of future liner designs may benefit from the
use of dynamic deformable FE models to investigate the effect of design
feature changes on bearing resilience under edge loading.
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