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Abstract 14 

After hip replacement, in cases where there is instability at the joint, contact between the femoral head and 15 

the acetabular liner can move from the bearing surface to the liner rim, generating edge loading conditions.  16 

This has been linked to polyethylene liner fracture and led to the development of a regulatory testing 17 

standard (ISO 14242:4) to replicate these conditions.  Performing computational modelling alongside 18 

simulator testing can provide insight into the complex damage mechanisms present in hard-on-soft bearings 19 

under edge loading.  The aim of this work was to evaluate the need for inertia and elastoplastic material 20 

properties to predict kinematics (likelihood of edge loading) and plastic strain accumulation (as a damage 21 

indicator).   22 

While a static, rigid model was sufficient to predict kinematics for experimental test planning, the inclusion 23 

of inertia, alongside elastoplastic material, was required for prediction of plastic strain behaviour.  The delay 24 

in device realignment during heel strike, caused by inertia, substantially increased the force experienced 25 

during rim loading (e.g. 600 N static rigid, ~1800 N dynamic elastoplastic, in one case).  The accumulation 26 

of plastic strain is influenced by factors including cup orientation, swing phase force balance, the moving 27 

mass, and the design of the device itself.  Evaluation of future liner designs could employ dynamic 28 

elastoplastic models to investigate the effect of design feature changes on bearing resilience under edge 29 

loading. 30 

 31 
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1. Introduction 36 

 37 

 Edge loading conditions can occur in total hip replacements (THR). This is where the contact between the 38 

femoral head and the acetabular liner moves from the medial bearing surface to the liner rim and is thought 39 

to be due to small levels of instability at the hip joint.  Edge loading has been linked to adverse tissue 40 

reactions from metal-on-metal wear [1][2] and squeaking [3] and fracture [4] of ceramic-on-ceramic 41 

devices. The physiological causes for joint instability will vary from patient to patient and event to event. 42 

They may be driven by the direction of the resultant hip contact force relative to the liner, by lever-out due 43 

to impingement, or by other mechanisms.  Gait studies under imaging have shown that separation of the 44 

device head and cup (leading to edge loading) can be measured in vivo [5], and is prominent for standard, 45 

unconstrained metal-on-polyethylene devices [6].   Evidence of edge loading has been seen in clinical device 46 

retrievals, including the fracture of some polyethylene acetabular liners [7].   47 

 48 

  The need to evaluate potential new devices under edge loading conditions prior to implantation, has driven 49 

the development of a regulatory testing standard (ISO 14242:4) [8] to generate edge loading conditions in all 50 

but the most constraining hip replacement designs.  In these tests, idealised simulation of hip joint gait is 51 

modified to include a driver for separation of the acetabular cup and femoral head during the swing phase. 52 

An additional spring is attached along the mediolateral (ML) axis, with a pre-set compression (also referred 53 

to as the mismatch), which generates a force causing the contact location to move laterally towards the liner 54 

rim.  During the stance phase the axially applied joint contact force is sufficiently high that the contact 55 

location remains within the main bearing surface, but the lower axial load during swing phase allows the 56 

mediolateral spring force to translate the contact location towards, and sometimes onto, the liner rim.  57 

Standardised testing has produced evidence of the effects of edge loading under controlled conditions [9,10] 58 

and shown that these effects are complex for the hard-on-soft bearing combination [11], where the most 59 

common acetabular liner material is Ultra High Molecular Weight Polyethylene (UHMWPE).  While edge 60 

loading conditions have been seen to reduce liner volume change for hard-on-soft bearings in comparison to 61 

standard conditions [12], possibly due to differences in both contact area and lubrication conditions, they 62 

have also been linked to rim damage and device fracture [11].  63 

  Performing computational modelling alongside controlled simulator testing can provide insight into the 64 

mechanisms by which damage happens, and aid in designing devices which are better able to withstand edge 65 

loading conditions.  Static modelling studies have considered deformation and damage and have shown that 66 

edge loading led to increased plastic strain [13–15], increased contact pressures [13–17], and increased liner 67 

peak von Mises stress [15].  It is also possible that edge loading contributes to disassociation of the 68 

acetabular cup from its fixation, with modelling showing the highest torque on the shell occurring at the 69 

highest separation [18].  70 

 71 
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There is a need to develop an improved understanding of the mechanisms underlying edge loading damage, 72 

to inform future device design and testing.  Dynamic rigid modelling studies have shown that the inclusion 73 

of damping effects, such as inertia or friction, increases the peak force transferred through the edge of the 74 

cup during heel-strike [19–21]. This additional force is not captured in the studies using static modelling to 75 

analyse edge loading effects.  Therefore, to fully capture the loads experienced during an edge loading cycle 76 

and make predictions about liner stress, contact area, or damage indicators, it seems necessary to combine 77 

inertial effects with elastoplastic material properties.  To the authors’ knowledge no published research 78 

paper has combined these effects to investigate the effect of dynamic edge loading kinematics and the 79 

additional complexity naturally adds to the computational cost of the enterprise.  The aim of this work was 80 

to evaluate the need for various levels of complexity in a finite element (FE) model predicting the likelihood 81 

and consequences of edge loading conditions in a THR with an UHMWPE liner.  The need for a complex 82 

model, incorporating both inertia and elastoplastic material properties, was assessed in terms of kinematics 83 

and in terms of plastic strain accumulation.   84 

 85 

 86 

2. Methods 87 

 88 

The objectives of this work were: to evaluate the effects of a combination of inertia and material 89 

deformation on head-cup separation behaviour, and determine whether this additional complexity is required 90 

for accurate prediction of experimental separation behaviour (studies 1 & 2); and to investigate the factors 91 

contributing to increases in damage indicators within a dynamic, elastoplastic model, such as kinematics, 92 

instantaneous forces and contact location (study 3). 93 

 94 

 Study 1. A dynamic deformable FE model was compared against both ISO 14242:4 experimental data 95 

[22] and a much simpler, static rigid model prediction (Python Edge Loading, PyEL [19]). This served to 96 

validate the overall behaviour of the FE model and to establish whether the addition of both inertia and 97 

material deformation had any substantial effects on the separation of the head and the cup during swing 98 

phase. A set of 32 parametric scenarios were tested, representing a full factorial combination of swing phase 99 

load, mediolateral mismatch and inclination angle values.  The values tested for each parameter are listed in 100 

Table 1. 101 

 Study 2.  The second study investigated how inertia and deformation could affect the kinematics during 102 

portions of the load cycle where they are more difficult to measure and evaluate experimentally (such as 103 

heel-strike and toe-off), but where they may have a significant contribution to the accumulated liner damage 104 

and wear seen post-test. The kinematics were compared between the full dynamic deformable FE model and 105 

the simpler static rigid prediction. This analysis was undertaken for selected cases, with a fixed cup 106 

inclination angle of 45° and mismatch (pre-set spring compression) level of 4 mm (Table 1) and swing phase 107 
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loads of 70N and 200N. These cases were selected for detailed analysis due to a relatively large difference in 108 

the 200N case between the maximum separations from the two models during study 1. 109 

 Study 3. The final study investigated whether the propensity for liner damage could be predicted through 110 

correlations to the kinematics alone, or whether explicitly calculating the deformation and damage is 111 

required. The relationships between the force scenario, the separation behaviour, the contact mechanics, and 112 

the plastic strain were analysed in the dynamic, deformable FE model. Contact pressures and areas were 113 

analysed to show the effect of loading on the device rim, peak plastic strain was recorded as a measure of 114 

localised damage and geometry change, and the total plastic dissipated strain energy was used as a measure 115 

of total damage and geometry change. 116 

 117 

Table 1: Details of parametric setting for all cases performed for each different edge loading model.  All 118 

THR devices had 36 mm metal femoral heads articulating against polyethylene acetabular cups.  119 

 Experiment PyEL 
Dynamic 

Deformable FE 

Mismatch 1, 2, 3, 4 mm 1, 2, 3, 4 mm 1, 2, 3, 4 mm 

Swing Phase 

Load (SwPL) 

70, 100, 200, 

300 N 

70, 100, 200, 

300 N 

70, 100, 200, 

300 N 

Inclination 45, 65° 45, 65° 45, 65° 

    Run Time ~1 min 24 h 

 120 

 All cases used the geometry of a 36mm metal-on-polyethylene (MoP) THR bearing (PINNACLE® 121 

MARATHON®, DePuy Synthes, UK), with a neutral liner and a diametrical clearance of 0.5 mm.  122 

 The PyEL model [19], is a static, frictionless, rigid model which calculates the axial force for 3000 123 

separation positions and reconstructs the load cycle behaviour. The liner geometry was represented by a 124 

point cloud generated from a 0.05 mm triangular element surface mesh and the head was modelled as an 125 

analytical sphere.  126 

 In the dynamic deformable FE model (Figure 1a), the head was modelled as a rigid body meshed 127 

with 1.5mm linear hexahedral elements (ρ = 4.37x103 kg/m3). The liner was a deformable body meshed with 128 

1.5mm linear C3D8R hexahedral elements and was given elastoplastic material properties of 129 

MARATHON® Cross-linked UHMWPE (linear elastic modulus 677 MPa, yield stress 8.4 MPa). The 130 

acetabular shell was meshed with 2mm hexahedral elements, given linear elastic material properties 131 

representing titanium alloy (E = 114.5 GPa, ν = 0.34, ρ = 4.43 x103 kg/m3). The shell was tied into a rigid 132 

body cup holder representing the experimental test fixture, with an assigned inertial mass of 2.5kg. 133 

Frictionless contact conditions were assumed at the bearing surfaces and a perfectly bonded condition was 134 

assumed between the acetabular shell and the liner. The dynamic time increment was globally estimated by 135 
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the explicit solver (Abaqus v6.14, Dassault Systémes, France) based on the size and wave speeds of the 136 

elements in the model. Mesh sensitivity was performed to produce converged contact areas under direct 137 

bearing surface contact [23].  The overall element quality with the polyethylene liner was good (face angles 138 

in degrees: average minimum 75, average maximum 105, ideal 90; aspect ratio: average 2.3, ideal 1) and 139 

any elements of lower quality were away from the rim area. Further refinement was limited by run time 140 

(Table 1). Following the convention in experimental literature [24], cup inclinations angles will be given in 141 

this paper as the clinical inclination (e.g. a clinical inclination of 45° is implemented in experimental 142 

simulation at 35°).  143 

 For each combination of input settings, a pre-analysis run was performed where the spring was 144 

compressed with the cup constrained in place, and then the cup was released. The damping coefficient was 145 

varied until a value representing critical damping was found (quickest return to stable without any 146 

oscillation). The test-specific critical damping coefficient was then used for each FE cases to maximise 147 

solution stability. All cases used a spring stiffness of 100 N/mm. 148 

 The main analysis was performed in three steps. Contact within the main bearing surface was established 149 

by constraining all ML translation of the cup and applying the swing phase load in the axial direction. The 150 

ML constraints were then released, allowing the cup to translate to a separated position. A loading profile 151 

representing one cycle used in the experimental testing (at 1 Hz) was then applied. 152 

 153 

 154 

Figure 1: Schematic of the dynamic deformable FE model. 155 

 156 

 The experimental data, showing maximum separation of the head and the cup, was taken from a previous 157 

study [22]. A hip joint simulator (ProSim EM13, Simulation Solutions, UK) was used along with the 158 

protocol from ISO 14242:4 [8].  The hip replacement device and the set of 32 scenarios matched those 159 

described above. 160 

161 
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 162 

3. Results and discussion 163 

The data associated with this paper are openly available from the University of Leeds Data Repository [25]. 164 

 165 

Study 1: Verification and validation of the dynamic deformable FE separation behaviour 166 

 167 

 Experimental results suitable for direct comparison were only available for a subset of the cases, as 168 

machine and measurement limits precluded accurate separation measurements below a certain threshold, 169 

which was variable based on the mismatch [19]. Where comparisons could be made the models replicated 170 

the experimental trends. The FE model consistently overestimated the experimental maximum separation 171 

(with a mean overestimation of 0.3 mm, Figure 2). As identified and described in Etchels et al. [19], small 172 

amounts of bending and deformation of the simulator fixtures results in a reduction in the effective spring 173 

stiffness and the additional compliance reduces the spring compression required to allow for a given 174 

separation. Experimentally, the equivalent spring stiffness will therefore be lower than that used in the 175 

models and this will be responsible for some of the 0.3 mm overestimation. Bearing friction in the 176 

experimental results would also likely reduce the maximum separation compared to the computational 177 

models. 178 

There was good agreement between the dynamic deformable FE model and the static rigid PyEL model, 179 

for this measure of maximum separation. Differences between the FE and PyEL models were relatively 180 

small compared to the mesh resolution of the FE liner (1.5mm). The lack of a clear trend for the difference 181 

between the models may be due to specific rim features, to which the rigid point contact PyEL model is 182 

more sensitive. 183 

 184 

 185 

 186 
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 187 

 188 

Figure 2: Comparison of the experimental, dynamic deformable FE, and static rigid PyEL maximum 189 

separations at a 45° (A) and 65° (B) clinical inclination angle. Experimental cases where the result was 190 

below the measurement sensitivity threshold for each mismatch (0.7, 1.1, 1.6, and 2.1mm for 1, 2, 3, and 191 

4mm mismatches) have been omitted. Experimental values are the mean from three stations. Experimental 192 

error bars represent ± 1 SD across those three stations. The numbers above the bar groups indicate the 193 

swing phase load applied. 194 

 195 

Study 2: The effect of inertia on through-cycle separation behaviour 196 

 197 

 The through-cycle separation behaviour from the dynamic deformable and static rigid (PyEL) models were 198 

compared to evaluate the combined effects of inertia and deformation (Figure 3). Where the swing phase 199 

load was lower and the resulting separation was higher (Figure 3A), the effect of inertia, and material and 200 

spring damping could be seen in a slower change in separation during heel-strike and toe-off. There were 201 

clear differences in terms of the peak load under edge loading conditions at heel-strike. For this device 202 

design and inclination angle the contact position was found to move to the edge of the bearing surface at a 203 

separation of approximately 0.8mm. For the static rigid model this occurred at an axial load of 204 

approximately 600N, whereas the same separation occurred at an axial load of ~1800N in the dynamic 205 

deformable case. 206 
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 207 

The PyEL model predicted some sharp changes in separation due to movement of the contact location across 208 

specific rim features and boundaries of the liner, whereas the inclusion of deformation resulted in smoother 209 

transitions. In the deformable model maximum separation values result from a combination of material 210 

deformation and sliding across the rim, with the balance between the two being device and orientation 211 

specific.  This goes some way to explaining the small differences in maximum separation between the two 212 

model types.   213 

 214 

 215 

Figure 3: Comparison of the ML separation through the gait cycle as predicted by the dynamic deformable 216 

FE model and a static rigid prediction (PyEL). Results given for cases with (A) a 45° clinical inclination, 217 

4mm mismatch, and 70N swing phase load, and (B) a 45° clinical inclination, 4mm mismatch, and 200N 218 

swing phase load. 219 

 220 

 221 
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 222 

Study 3: Prediction of plastic strain in hip device separation testing 223 

 224 

 Cases where separation was less than ~1 mm maintained a large contact area and avoided plastic strain 225 

accumulation (Figure 4) even under relatively high forces. In cases where the level of separation was 226 

sufficient to move the contact towards the cup rim (>1mm) and reduce the contact area, plastic strain 227 

accumulation was seen. For convenience these cases will be referred to as having “rim contact”. However, 228 

the relationship between maximum separation and plastic strain accumulation was not straight forward and 229 

is confounded by several factors. 230 

 231 

 232 

Figure 4: Maximum separation (A), swing phase contact area (B), and total accumulated plastic strain (C) 233 

(represented by the total strain energy dissipated through plasticity) for all swing phase load cases at the 234 

45° clinical inclination angle with a 4mm mismatch, from the dynamic deformable FE model. (No plastic 235 

strain was seen under the highest swing phase load.) 236 

 237 
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 In cases with rim contact, there were two drivers for additional plastic strain accumulation, namely 238 

additional force and additional sliding across the rim. These two mechanisms are illustrated in Figure 5 239 

where higher contact forces caused the increase in plastic strain accumulation, and in Figure 6 where 240 

additional head-cup separation resulted in the centre of pressure translating further across the rim and 241 

causing damage at more locations. 242 

 In cases where the (axial) swing phase load was high and the (ML) spring ‘mismatch’ was also high, the 243 

head-cup separation may be relatively low, but the resulting high contact force generated additional plastic 244 

strain energy (Figure 5D compared to Figure 5C). It is therefore possible to generate the same head-cup 245 

separation, yet different levels of plastic strain (increase shown in Figure 5B), due to the contact forces 246 

created by the specific combination of swing phase load and mismatch. 247 

 The inclination of the cup relative to the axes of the applied loads provided another confounding factor, 248 

through two mechanisms. Firstly, a change in cup orientation caused a change in rim position and therefore 249 

affected the threshold at which rim loading is reached. Secondly, the orientation of the geometry affected the 250 

balance of tangential and normal contact forces, and therefore the sliding behaviour on the rim. These effects 251 

can be seen in the change of trends between Figure 5A and Figure 5B. 252 

 Conversely, a reduction in swing phase load was found to generate a wider range of contact locations on 253 

the rim, increasing the total accumulated plastic strain in the liner without necessarily increasing the peak 254 

plastic strain values. In Figure 6A, the 300N swing phase load prevented movement of the contact to the 255 

rim, spreading the contact over a larger area and protecting the liner from yielding. A reduction of the swing 256 

phase load to 200N (Figure 6B) moved the contact to the rim and initiated plastic damage. Reducing the 257 

swing phase load  further, to 70N (Figure 6C), resulted in further sliding and additional yielding to the newly 258 

contacted UHMWPE with little effect on the previously damaged regions. 259 

 Due to analysis time constraints, and a runtime of ~24 hours per case, the dynamic deformable models 260 

presented in this study were restricted in mesh resolution. For detailed liner stress and strain information 261 

suitable for direct comparison to failure criteria, beyond the analysis of trends and mechanisms, further 262 

optimisation and development of the model will be needed to balance precision with computational cost. 263 

 264 

 265 

 266 
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 267 

Figure 5: Left – Relationship between total accumulated plastic strain and maximum separation for all 268 

cases, separated by inclination angle, A) 45°, B) 65°. Marker colour represents swing phase load (SwPL) 269 

and marker shape represents mismatch, as described in legend. Right – FE contact pressure maps at swing 270 

phase for two cases with similar maximum separations but dissimilar load environments. C) 65° inclination, 271 

100N swing phase load, 3mm mismatch. D) 65° inclination, 300N swing phase load, 4mm mismatch. 272 

 273 



Page 12  

 

 274 

Figure 6: Top – FE plastic strain maps at end of test for three different swing phase load (SwPL) cases that 275 

created three different maximum separations. A) 300N, B) 200N, C) 70N. All cases used 45° inclination and 276 

4mm mismatch. Bottom – All cases, from both inclination angles, by maximum separation, total 277 

accumulated plastic strain, and resultant contact force at swing phase (by colour). Specific cases shown in 278 

A, B, and C indicated by arrows onto D. 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 



Page 13  

 

4. Conclusion 287 

 288 

 The dynamic deformable FE model of edge loading developed in this work was verified through 289 

comparison to a simple static rigid model and validated by comparison to experimental test data. The trends 290 

in maximum bearing separation with different input case parameters (force environments and orientations) 291 

could be well replicated by both the dynamic deformable FE model and the simple static rigid model. Given 292 

an aim of predicting separation behaviour for experimental test planning, there are some disadvantages to a 293 

static rigid modelling approach for hard-on-soft bearings, as it can overestimate the importance of specific 294 

rim geometry features and edges, which in a deformable model will be smoothed out within the contact area. 295 

However, dynamic deformable FE models of edge loading have limited advantage and a significant increase 296 

in analysis time for experimental pre-test planning focused on estimations of the maximum separation alone, 297 

and static rigid models are sufficient for that task. 298 

 In order to analyse the potential for acetabular liner damage under edge loading it is necessary to include 299 

an elastoplastic material model. When that material model is integrated into a dynamic model the 300 

computational cost and complexity increases substantially, making it important to demonstrate the necessity 301 

of the dynamic aspect. The inclusion of inertia was shown to modify timing of the beginning and end of 302 

edge loading, which delayed both separation during toe off and relocation at heel strike. In some cases, the 303 

delay at heel strike generated a load on the rim of three times that of the static case. This increase in the 304 

contact force experienced during edge loading could have substantial implications for predictions of liner 305 

damage and is therefore important to capture.  306 

 Understanding the mechanisms behind the damage to UHMWPE liners, both in vitro and in vivo, under 307 

edge loading conditions can be aided by dynamic, elastoplastic FE models that capture in combination the 308 

differences between load cases and liner designs. In this work, plastic strain in the liner was increased either 309 

by the generation of higher strains under the contact through increased contact force, or by sweeping the 310 

contact over a larger portion of the rim. These are mechanisms that could also be induced by device design 311 

feature changes. Optimisation and evaluation of future liner designs may benefit from the use of dynamic 312 

deformable FE models to investigate the effect of design feature changes on bearing resilience under edge 313 

loading. 314 
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