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The transport pathways of ultra-high molecular weight polyethylene wear 
debris particles in orthopedic prostheses are of interest due to common 
prosthesis failure by osteolysis. Such debris transport has been studied in a 
wheel-on-plate model system which isolates the sliding wear mode. For the 
model system radioisotope tracing has demonstrated the existence of two-way 
debris transfer between the wheel rim and the polyethylene plate with only 
little debris particles being dispersed in the water lubricant. It is likely that this 
dispersion commences where the wheel rim exits the wear region. Dye tracing 
has elucidated the existence of a lubricant vortex at this point and also where 
the wheel rim enters the lubricant. These vortices can effectively distribute the 
particles. Furthermore debris pathways alongside and underneath the wheel 
are suggested from which polyethylene debris may be re-introduced to wear 
processes as third body particles. Dye tracing results have been confirmed by 
computational fluid dynamics simulations.  

 
1. Introduction 

Microscopic wear debris particles generated from Ultra-High Molecular Weight Poly-
Ethylene (UHMWPE) tibial inserts in knee or hip prostheses have been shown to induce 
harmful biological responses ultimately leading to osteolysis [1]. The pathways of such 
polyethylene debris, connecting its tribological origin at the wear interfaces (Fig. 1a) with 
typical sites of osteolysis, such as the contact surfaces of prosthesis and bone, are not known.  
In addition some debris pathways may result in the reintegration of debris in the articulating 
wear surfaces acting there as third body particles. This may accelerate wear [2]. On the other 
hand reintegration of debris particles into the prosthesis removes them from pathways leading 
to sites of osteolysis. 

The identification and quantification of debris particle transport and its pathways in 
prostheses may aid the understanding of the origins of osteolysis in joint replacement patients. 
It also has the potential to inform advanced prosthesis designs. Considering the complexity of 
the tribology and the fluid dynamics of the lubricant in actual prostheses, this work has 
focused on a model system as a first approach to the problem. A wheel-on-plate model system 
which combines a rotating steel wheel with a UHMWPE plate has been devised to isolate the 
sliding wear mode of prostheses. The model system has been studied experimentally with 
radioisotope tracing and dye tracing, as well as simulated theoretically with computational 
fluid dynamics (CFD).  The radioisotope tracing results have previously been published [3,4]. 
Here we report on the dye tracing experiments and the fluid dynamics simulations. 
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It may be noted that while the model system has some similarities with actual 
prostheses, such as the metal-polyethylene interface and the dominance of sliding wear, 
pronounced differences also exist. Prostheses feature multi-directional articulation, whereas in 
the model system the articulation is one-directional. In the system chosen the rim surface area 
of the steel wheel was an order of magnitude larger than the contact area on the UHMWPE 
plate. In actual prostheses the surface areas of the articulating parts are in contrast very 
similar. Moreover instead of synovial fluid or bovine serum, water was used as lubricant in 
the model system. Any extrapolation of the results presented here to the situation in actual 
prostheses has to be therefore made with care. However, the model system has potential to 
gradually be refined to provide a better approximation and give more accurate insight. 
 
2. Experimental and Simulation Details 

The wheel-on-plate model system studied [3] (see Fig.s 1b, 2a and 2b) consists of a 
stainless steel wheel which rotates under load with its rim being in articulation with a flat 
UHMWPE plate. The plate dimensions are 10 mm ×10 mm × 3 mm. The wheel radius is 25 
mm, the rim width is 10 mm and the rotational frequency chosen in these experiments was 
0.125 Hz. The static vertical loads were 1 kg, 3 kg and 5 kg. De-ionized water lubrication was 
used, however, other lubricants, such as bovine serum would be possible in future work. 

In the radioisotope tracing experiments several polymer plates were ion-implanted with 
the 111In/111Cd radioisotope tracer at a depth of 200 nm [3,4]. Two characteristic gamma-ray 
lines of this tracer were subsequently used to follow and quantify UHMWPE wear debris in 
the model system as the sliding wear progressed. 

 
Fig. 1. (a) Close-up of the femoral component of a knee prosthesis sitting on top of the UHMWPE 

insert, itself supported by the tibial tray underneath.  The dashed lines indicate the two separate 
wear interfaces. (b) Cross-sectional drawing of the geometry of the wheel-on-plate model system 
as applied in the CFD simulations. The wheel (dark grey) rotates clockwise in the water lubricant 

(light grey). 
 

In the dye tracing experiments a drop of ink was introduced at a certain location in the 
water lubricant.  Immediately afterwards the rotational motion of the wheel was commenced 
and the establishment of flow patterns was observed.  The visualization of the lubricant flow 
via the dye was video-recorded. The Computational Fluid Dynamics (CFD) simulations of the 
model system were performed with the commercial package ANSYS Fluent 12.1. [5]. The 
parameterisation used is shown in Fig. 1b.  The sides and the bottom of the lubricant 
enclosure were modeled as stationary walls, the wheel as a moving wall, and the free surface 
of the lubricant was not directly simulated but rather modeled as a shear-free wall. A 
symmetry plane was employed (the x-y plane in Fig. 1b) to reduce the size of the 
computational domain. The mesh consisted of 1.1 million cells, with prism boundary layer 
cells extending from the wheel and walls, and unstructured polyhedral cells in the remainder 
of the domain. Using the ANSYS Fluent software the unsteady incompressible Navier-Stokes 
equations were solved, with second order upwind spatial discretization, second-order implicit 
time stepping, and the SIMPLE algorithm for pressure-velocity coupling.  The flow was 
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assumed to be fully laminar.  The tangential wheel velocity was 19.6 mm/s consistent with the 
rotational velocity employed in the experiments. 

 
3. Results 
 Under load, the sliding wear of the rotating steel wheel of the model system gradually 
works a cavity into the UHMWPE plate which closely reflects the geometry of the wheel. 
Following experimentation polyethylene debris can be seen on the rim of the steel wheel. 
Atomic force microscopy has confirmed that the morphology of the rim surface permits such 
debris to be accommodated. The scanning electron micrograph in Fig. 2 shows that on the 
polyethylene plate debris piles up where the wheel exits the region of articulation [3]. 

The radioisotope tracing experiments [3,4] 
showed that UHMWPE wear debris is transferred from 
the polyethylene plate to the wheel rim and vice versa. 
Thus a two-way pathway exists which integrates and 
re-releases polymer debris particles in both wear 
surfaces. The continued presence of these particles at 
the wear interface may result in 3rd body wear 
processes. The radioisotope tracing indicated that the 
two-way transfer pathway dominates debris transport 
since typically only less than 1% of radioactively 
labelled debris was dispersed into the water lubricant at 
the end of the experiment. This dominance is likely 
due to the fact that in the model system the surface area 
of the articulating rim is relatively large. However, debris particle dispersion in the lubricant 
has been observed to continue with time [3]. It may also be expected to play a greater role in 
actual prostheses, where the polished surface of the metal component has less capacity to 
accommodate polyethylene debris particles. 

The micrograph in Fig. 2 suggests that most of the debris dispersion in the lubricant 
commences near the exit of the wheel from the wear cavity. Possible pathways of debris 
particles released to the lubricant at this location have been studied with dye tracing. Figure 
3a displays a photograph of the dye tracing experiment 3 secs after the initiation of the wheel 
motion. It is apparent that a vortex has formed in the lubricant in front of the wheel. 
Polyethylene wear debris exiting the wear cavity here can become caught in this vortex and 
thus may be expected to be uniformly distributed in the lubricant.  

Figure 3b indicates that lubricant flows backward alongside the wheel with some flow 
directed towards the point where the rim of the wheel enters the lubricant. Thus a flow 
mechanism exists which may return dispersed debris particles to the wear process (Figure 3). 
 

 
 

Fig. 3. Photographs of the dye tracing experiments 3 seconds after wheel motion commenced. The 
arrow indicates the motion of the wheel. (a) Vorticity in the lubricant where the rim of the wheel 
exits the lubricant. (b) Evidence for flow towards the region where the rim of the wheel enters the 

lubricant. 

 
 

Fig. 2. SEM image of the region of the 
UHMWPE plate where the steel wheel 

exits the wear cavity recorded after 
actuation. 

Wagga 2011 TP19

84



Figure 4 shows typical results from the CFD simulations.  In Fig. 4a twenty velocity 
streamlines have been plotted for a time period of 2 seconds. The figure shows a side view 
with the wheel rotating clockwise.  The vortices observed with dye tracing are evident for 
both the rim exit and the rim entry to the lubricant. 

 

 
Fig. 4. CFD simulations for the wheel-on-plate model system. (a) Side view of the velocity streamlines, with 
arrow indicating wheel motion. (b)  Isometric view.  For both panels, wheel rim exits the lubricant on the left. 

 
 Figure 4b shows that the streamlines connect the vortex at the exit of the wheel rim 
alongside the wheel with the vortex where the rim enters the lubricant. Importantly, this flow 
continues underneath the wheel passing the wear cavity. Further on at high velocity the flow 
then reconnects with the vortex at the exit of the rim of the wheel. Thus a continuous flow 
pattern exists which has the capacity to return dispersed wear particles to the wear interface.  
Both the dye experiments and the increased flow velocity in the CFD simulations indicate that 
the vortex near the exit of the wheel rim from the lubricant is more significant. Due to the 
similar densities of UHMWPE and water (0.93 g/cm3 and 1.00 g/cm3), it is likely that 
polyethylene debris particles will follow the streamlines. 
 
4. Conclusions 
 The combined information from radioisotope tracing, dye tracing and CFD simulations 
has identified wear debris transport pathways in a wheel-on-plate model system. The results 
may inform on similar transport mechanisms in orthopedic prostheses. In the model system 
polyethylene wear debris particles are transferred between the articulating steel and 
UHMWPE surfaces. Debris dropping out of this two-way transfer is likely dispersed in the 
lubricant where the rim of the wheel exits the fluid. Fast flow and a strong vortex at this 
location may uniformly distribute debris particles in the lubricant. Particles can be transported 
via a flow alongside the wheel. Importantly a lubricant vortex where the rim of the wheel 
enters the lubricant may return wear debris to the wear interface as 3rd body particles. 

The results suggest that wear particles produced in an orthopedic prosthesis are returned 
to the wear interface and may undergo a number of wear interactions between the articulating 
surfaces before eventually they may be dispersed well away from the wear interactions with 
some of them on pathways towards regions of bioactivity. Further work with this model 
system may be performed with bovine serum, better representing the actual synovial fluid, 
and by considering the effects on the flow pattern of time-dependent loading and of 
reciprocating motion with directional changes. 
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