PROCEEDINGS – 34 TH ANNUAL CONDENSED MATTER AND MATERIALS MEETING – WAIHEKE ISLAND, AUCKLAND, NZ, 2010

Characterisation and Tracing of Prosthesis Debris:
Towards Suppressing the Pathways of
Ultra-high Molecular Weight Polyethylene Wear Particles
H. Timmersa, L.G. Gladkisa,b, J.A. Warner a
a

School of Physical, Environmental and Mathematical Sciences, University of New South
Wales at the Australian Defence Force Academy, Canberra, Australia
b
Trauma and Orthopaedic Research Unit, The Canberra Hospital, PO BOX 11, Woden,
ACT 2606, Australia
Ultra-high molecular weight polyethylene wear debris particles have been fully
shape-characterised using a new approach based on atomic force microscopy.
Results suggest that the smallest particles tend to be deformed. In order to trace
wear particle transport 111In ions were mass-separated and implanted into the
polymer. By detecting the radionuclide, debris transport was studied in two
tribological model systems: impact onto steel and uni-directional sliding of a
steel wheel. Important debris pathways have been identified with the new
technique and the transport volume along the pathways has been modelled in
agreement with the data.

1.

Introduction
Ultra-high molecular weight polyethylene (UHMWPE) polymer is the established
bearing material in knee and hip prostheses due to its favourable wear properties. The large
and persistent dynamic forces in an artificial joint create however a large number of polymer
wear debris particles ranging from submicron to visible size [1]. Typically 100 million
particles are produced in a patient per day. These particles trigger the biochemical reactions
which often result in early clinical failure of the prosthesis [2]. The wear mechanisms creating
the particles are uncertain [3]. The particle pathways in and near the prosthesis are not clear
[4]. The relevance of particle size and shape on the bioactivity of particles is debated [5].
A selective suppression of polymer particles in the wear process, or their selective
removal from particle pathways, requires detailed knowledge of particle size and shape. Since
scanning electron microscopy (SEM) only provides contrast information on the vertical
dimension of a particle, atomic force microscopy (AFM) has been utilized in this work to
permit for the first time a full three dimensional shape characterisation of polymer wear
particles generated under realistic conditions. Furthermore a new experimental approach has
been explored, which aims to trace the pathways of polymer wear particles from their
tribological place of origin to other locations in and near the knee prosthesis, where they may
initiate adverse bioactivity. The polymer is labelled with the radioisotope, with lateral and
depth control, using ion implantation. Wear particles from the labelled region carry the
radioisotope and can be traced via the detection of a characteristic γ-ray. While ultimately
experiments on actual prostheses using a realistic knee motion simulator are planned, this
paper presents results for two model systems, which demonstrate the efficacy of the
technique. Combining information about particle shape and particle pathways may lead
towards devising ways of suppressing critical wear particles in knee prostheses.
2.
2.1

Experimental Details
Shape Characterisation of Wear Particles
A pristine knee prosthesis (Low Contact Stress Mobile Bearing knee system, cobaltchrome on UHMWPE, standard size) was actuated with a constant load knee actuator in order
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to obtain UHMWPE wear debris particles under realistic conditions. Details are given in Ref.
[6]. Aliquots of the water lubricant containing wear debris particles were collected regularly.
The filtration protocol can drastically affect the lateral distribution of particles on the filter, as
demonstrated previously [6]. Using a mixture of water and ethanol, density-adjusted to
UHMWPE, non-uniform lateral particle distributions have been avoided. Filters with six
different pore sizes (Millipore-Isopore Membrane Filters) were used to obtain six wear debris
particle fractions. The pore diameters were 10, 5, 1, 0.8, 0.2 and 0.08 µm, respectively. For
each fraction, a number of images of debris particles on the filter were taken with an atomic
force microscope, manufactured by NT-NTEGRA, using semi-contact mode. The length,
width and height of each particle in an image has been measured individually by using the
length and cross-sectioning tools of the AFM software. Details will be given in Ref. [7].
2.2 Radioisotope Tracing of Wear Particle Pathways
Ions of 111In were mass-separated and implanted into UHMWPE at 160 keV. Implanted areas
were 8 mm × 8 mm on 10 mm × 10 mm samples. The total fluence was measured as 5.0×10 11
ions/cm2. At this energy the near surface layer of the polymer, to a depth of less than 200 nm,
is implanted, so that the wear dynamics beyond this depth is unaffected by the implantation.
As a model of a tribological system labelled polymer samples were dropped under load
on steel. Furthermore, as a second model system, rotating stainless steel wheels with 5 mm
wide rims, using water lubrication, were interfaced with the UHMWPE samples under normal
loads of 1 kg and 3 kg.

Fig. 1. (a) Submicron UHMWPE wear particles on a filter medium imaged with atomic force microscopy. (b,c)
Illustration of the length, width and height characterisation of a complex particle. (d) Traditional twodimensional presentation of shape information. (e) Full three-dimensional parameterisation showing the correct
correlation between particle sphericity and particle volume. Details are given in the text.
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The material loss from the polymer, the debris up-take by the steel actuator, and the dispersion
of debris away from the wear interface have been observed and measured via the detection of
the 171 keV and 245 keV γ-ray lines associated with 111In decays. Based on these
experimental data, the debris transport along important pathways has been modelled.
Additional details are given in Refs. [8,9].
3.

Results and Discussion
The efficacy of characterising the shape of polyethylene wear particles with AFM is
illustrated in Fig. 1. Fig. 1(a) shows a characteristic AFM micrograph with wear particles
from the filtering fraction 200 nm – 800 nm. Using the length, width, and height information
provided by AFM, individual particles can be measured fully in all three spatial dimensions.
This is demonstrated for a complex particle in Fig. 1(b,c). Traditionally, often based on SEM
imaging, the area of two-dimensional particle projections has been employed to predict
particle shapes. This method uses the equivalent-shape-ratio ESR, which is defined as the
projected width over the projected length. Thus a circular projection corresponds to ESR = 1
and suggests a spherical particle, whereas smaller ESR values indicate elongation. Applying
this approach to the data obtained in the present study would indicate incorrectly that the
smallest particles are spherical and that maximal deformation occurs for particles with a
volume V of about 0.1 µm3. This is shown in Fig. 1(d).

Fig. 2. (a) UHMWPE sample dropped repeatedly on steel. Measured activity fractions show the gradual transfer
of polymer material to the steel surface. (b) A steel wheel wears into a UHMWPE surface labelled with 111In. (c)
Wear debris pathways for this system are identified by detecting γ-rays characteristic for 111In. (d) Measured
activity fractions expressed as volume removal from the polymer and model fits. (e) Measured activity fractions
expressed as volume removal to the lubricant and model fits. (f) The wheel-on-polymer system can be modelled
assuming two-way debris transport between polymer and wheel with gradual debris dispersion to the water.

PROCEEDINGS – 34 TH ANNUAL CONDENSED MATTER AND MATERIALS MEETING – WAIHEKE ISLAND, AUCKLAND, NZ, 2010

With a full set of three-dimensional length measurements as obtainable from AFM, however,
the particle shape can be expressed through its sphericity S. This is demonstrated with the
same data in Fig. 1(e). It is clear that maximum particle deformation occurs in fact for the
smallest wear particles, with sphericity increasing smoothly with particle volume. The
discrepancy between the two approaches may be understood as arising from the fact that
deformed particles tend to settle on a filter medium preferentially with a low centre-of-mass.
This is considered in the technique introduced here, whereas the traditional two-dimensional
approach neglects such bias.
Figure 2 shows results from the radioisotope tracing studies. The 111In activity fractions
measured for impact onto steel are given in Fig. 2(a). The results identify pick-up by the steel
as the dominating debris pathway. Transport volume is a function of impact number and has
also been found to increase with increasing load. Figure 2(b) illustrates the second model
system in which a rotating steel wheel interfaces a labeled UHMWPE sample under load. The
characteristic γ-ray spectrum in Fig. 2(c) shows that wear debris pick-up by the steel wheel
dominates over dispersion to the water lubricant. Using the approach presented in Ref. [8] the
measured activity fractions can for this model system be related to the transport volume along
the three important pathways: (i) pick-up by steel wheel, (ii) return to polymer, (iii) drop-out
and dispersion in lubricant. Figure 2 (d,e) shows the experimental data in this form as moved
debris volume and moved debris mass, plotted as a function of wheel rotations. Filled
symbols correspond to a 3 kg load, whereas the open triangles are data points for a 1 kg load.
The results are consistent with the two-way debris transfer model proposed in Ref. [8] and
shown as solid curves in Fig. 2(d,e). This theoretical model predicts in detail how the system
attains a steady state situation during the wear-in phase. Debris from the UHMWPE sample
is initially taken up by the wheel surface with a large, however, decreasing up-take rate.
Debris is also returned from the wheel back to the polymer with an increasing rate until a
quasi-equilibrium between these two competing transfer processes is established. The
dispersion of wear debris in the lubricant can then be explained as stochastic drop-out during
transfer. Fig. 2(f) illustrates these three dominating debris pathways of the wheel-onUHMWPE system.
4.

Conclusions
Ultra-high molecular weight polyethylene wear particles from an assay produced under
realistic conditions have been fully shape-characterised in three spatial dimensions using a
new approach based on atomic force microscopy. Results suggest that the smallest wear
particles tend to be deformed. It has also been demonstrated that the pathways of ultra-high
molecular weight polyethylene wear particles can be identified and traced quantitatively using
radioisotope ion implantation. For a wheel-on-polymer system the establishment of a two-way
debris transfer process during the wear-in phase consistently explains the experimental data
with debris accumulation in the lubricant resulting from stochastic drop-out during transfer.
From the application of the new technique to actual prostheses in vitro, a better understanding
of the complex transport processes which precede prosthesis failure may emerge.
The detailed characterisation of wear particle shapes with atomic force microscopy and
the identification of particle pathways in prostheses via radioisotope tracing are two new
experimental techniques which may assist the effort of suppressing critical polymer wear
debris in knee prostheses.
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