
Open Research Online
The Open University’s repository of research publications
and other research outputs

Assessment of non-contacting optical methods to
measure wear and surface roughness in ceramic total
disc replacements

Journal Item

How to cite:

Green, Naomi C.; Bowen, James; Hukins, David W. L. and Shepherd, Duncan E. T. (2015). Assessment of
non-contacting optical methods to measure wear and surface roughness in ceramic total disc replacements.
Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine, 229(3) pp.
245–254.

For guidance on citations see FAQs.

c© 2015 IMechE

https://creativecommons.org/licenses/by-nc-nd/4.0/

Version: Accepted Manuscript

Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1177/0954411915577119

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.

oro.open.ac.uk

http://oro.open.ac.uk/help/helpfaq.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/doi:10.1177/0954411915577119
http://oro.open.ac.uk/policies.html


F
o
r P

eer R
eview

�

�

�

�

�

������������	����
�������
������
�����������������������

������������	��������������
�������
���������
���
�������������

�

�

�������	� ���������	
�����	
�������������������������


������
�����	� ����
���������


������
�������	� ��
�
�������
����

���������
��� �����!��"��!��	� �#����������

$��������%
����&�"��!���	� '����(�)���
�

*�+��(�������
,�-
��(��.�/�
0���
����&�*
��
��!���
�!��!�� (�������.�/�
0���
����&�*
��
��!��(��

1��+�� �	�
2����"�����
�3�����
���4*
����!��
��5(�2����
� ��(���
��������&�

����
���(����&����(���
�������������

"�������	�

�!
����� ����������������!� �&���������
����!����+�0�������
��+����
�6����� �
�������
���������
���7������������8��7�9(�+!
�!����������� ����
��������
����0��������� 
����
���!����
��(���
��������������
������
����
���!� �:�"���
����������
����������� 
���������+������� ���� �+
�!������
��� 
�
���������6
���
����!�����&����0
����8���-����
����&��!����
��9���7�
+���������:��!����������+�����!��������� ���
������!���� 
����
�����
�����������
������
�������&
���������� ��!�� ������� ���������������&����

����!������� � �0����������!� �&���������
����!��+����0�����:��!��
���������!�+� ��!����!������
&
���
����&��!�����
����������&&���� ��!��
����������&����!��!�����&��������!������� �+����0������������������:�
�!�����!� �+������������������&�������������+����0��������&��:�����
��;(�+!
�!���������� �������������&��:�������(�+!
�!�+��� �!�0�������
�� ������������
����!�����0
����
�����!� :�"�&���!���� 0��������&��!
��
���!� �
���!���+
�!�����������!��������������������!������
�����&����
��������!�(�0�������
��+������ ��!�������
����&��!��+��������!��
�������
���&���:��!
�����!� ����� ��������
� �����������0����+���(���!����������&�
���!���� 
��
�������(��� � 
&&�����������
���:�

��

�

�

http://mc.manuscriptcentral.com/(site)

Journal name



F
o
r P

eer R
eview

1 

 

Assessment of non
contacting optical methods to measure wear and surface 

roughness in ceramic total disc replacements 

Naomi C Green
1
, James Bowen

2
, David WL Hukins

1
, Duncan ET Shepherd

1+
 

1
 School of Mechanical Engineering, University of Birmingham, UK 

2 School of Chemical Engineering, University of Birmingham, UK 

+ Corresponding author: Duncan ET Shepherd, University of Birmingham, Edgbaston, B15 2TT, UK 

Email d.e.shepherd@bham.ac.uk
  

Abstract 

This study presents a method for measuring the low volumetric wear expected in ceramic 

Total Disc Replacements (TDRs), which can be used to replace intervertebral discs in the 

spine, using non-contacting optical methods. Alumina-on-alumina ball-on-disc tests were 

conducted with test conditions approximating those of cervical (neck region of the spine) 

TDR wear tests. The samples were then scanned using a three-dimensional non-contacting 

optical profilometer and the data used to measure surface roughness and develop a method 

for measuring the wear volume. The results showed that the magnification of the optical lens 

affected the accuracy of both the surface roughness and wear volume measurements. The 

method was able to successfully measure wear volumes of 0.0001 mm
3
, which corresponds to 

a mass of 0.0001 mg, which would have been undetectable using the gravimetric method. A 

further advantage of this method is that with one scan the user can measure changes in 

surface topography, volumetric wear and the location of the wear on the implant surface. This 

method could be applied to more severe wear, other types of orthopaedic implants, and 

different materials. 

Keywords 

Alumina, Ceramic, Implants, Interferometer, Total Disc Replacement, Wear  

1� Introduction 

 

Patients with advanced intervertebral disc degeneration and associated chronic back pain can 

benefit from having Total Disc Arthroplasty surgery. The affected disc is removed and 

replaced with a Total Disc Replacement (TDR) device, which is designed to preserve spinal 

motion.
1
 In most TDRs this is achieved with an articulating ball and socket joint, which is 

formed of two bearing surfaces. Once implanted these bearing surfaces wear, creating 

submicron sized wear debris which can affect the periprosthetic tissues and cause osteolysis 

Osteolysis is an inflammatory response to wear debris which eventually leads to aseptic 

loosening of orthopaedic implants and the need to perform revision surgery.
2-3

 Implant 
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retrieval analyses have shown that aseptic loosening can occur in TDRs with metal-on-metal 

(M-M) and metal-on-plastic bearings (M-P).
4-7

 Whilst there is no published data for ceramic-

on-ceramic (C-C) TDRs, studies have shown that osteolysis can occur in ceramic Total Hip 

Replacement (THR).
8
  

It is important to measure the volume of wear debris produced by different TDR bearing 

materials in order compare their wear performance and their potential to cause osteolysis. ���

����� wear tests, using spinal simulators, can be used to find volumetric wear rates for TDR 

devices.
9-10

 Although there is no published data for C-C TDRs, retrieval analyses and similar 

tests on THRs have demonstrated that C-C bearings have low volumetric wear rates. 

Alumina-on-alumina THRs have been shown to have steady state wear volumes as low as 

0.004 mm
3
/10

6
 cycles, which is three orders of magnitude lower than that of M-P bearings.

11
 

The standard method for determining the volumetric wear rate of an implant is the 

gravimetric method, where the change in mass during the test is measured and converted into 

volume loss. The gravimetric method gives the overall wear volume but not specific data on 

local wear patterns or the wear mechanism. 
12, 13

 It is also not suitable for assessing wear of 

explanted implants as the initial mass is unknown. 
12-14

 As the design of orthopaedic implants 

and biomaterials has improved the gravimetric method has reached the limit of its resolution. 
14, 15

 Indeed some studies of ceramic femoral heads from THRs have concluded that it is 

practically impossible to measure the volumetric wear rate using the gravimetric method, 

even with severe wear rates. 
11, 12

 Therefore given the small size of TDRs and the low wear 

rate for C-C bearings it will be difficult to accurately measure the mass change due to wear 

using the gravimetric method. Non-contacting optical measurement methods offer a 

promising route for determining low wear volumes. They can measure both form and surface 

roughness in one scan with a vertical resolution of approximately 1 nm and a resolution 

across the contacting surfaces of approximately 1 µm. Non-contacting optical methods such 

as white light interferometry
11, 17

 and laser confocal profilometry
18

 have been successfully 

used to measure the volumetric wear of ceramic hip and knee implants. They also have the 

advantage over the gravimetric method that the pattern of wear across the implant surface can 

be seen and areas of severe wear identified.   

The primary objective of this study was to develop a method for measuring the low 

volumetric wear expected in ceramic TDRs using non-contacting optical methods. A series of 

alumina-on-alumina, ball-on-disc tests were conducted with test conditions approximating 

those of cervical TDR wear tests. The test samples were scanned to determine form and 

surface roughness using a white light interferometer. The data from these scans were then 

used to develop a method for determining the volume lost during the test due to wear. The 

study also investigates the effect of changing the magnification of the lens of the 

interferometer on the surface roughness parameters and volumetric wear calculations. 
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2� Material and Methods 

2.1� Ball
on
Disc Tests 

A custom built tribometer (Longshore Systems Engineering, Delabole,�UK) was used to carry 

out ball-on-disc tests (Figure 1a). The ball-on-disc test conditions were based on the 

International Standards Organisation (ISO) standard for the wear testing of cervical TDRs.
19

 

The balls were 99.9% purity alumina precision spheres, Grade 50, with a grain size of 

between 1 and 12 µm (Goodfellow Ceramic and Glass Division, Huntingdon, UK) with the 

material properties shown in Table 1. The ball had a diameter of 14 mm, chosen to represent 

the size of a typical cervical TDR (Figure 1b). The discs were 99.7% purity alumina 

(Dynamic Ceramic, Crewe, UK) with the material properties shown in Table 1. The discs 

were 20 mm in diameter and 1 mm in thickness (Figure 1b). Before testing, the balls and 

discs were ultrasonically cleaned in ethanol, wiped with a lint free cloth and left to dry in air 

at room temperature. The disc was glued (Super Glue Universal, Loctite, Hemel Hempstead, 

UK) to a glass microscope slide which was then fixed to the rotating base of the tribometer 

using double sided tape (Nisshin EM Co. Ltd., Tokyo, Japan). The ball was glued (Evo-Stik, 

Epoxy Rapid, Bostik, Leicester, UK) to a hexagonal M5 cap screw which was then screwed 

into the lever arm of the tribometer. A normal load of 5 N was applied to the ball, giving a 

mean Hertzian contact stress of 580 MPa. The disc was rotated against the ball for a distance 

of 3,665 m. The tests were carried out at sliding velocities of 0.022 m/s and 0.044 m /s, which 

represent the testing frequencies for the ISO TDR wear tests
19

, of 1 Hz and 2 Hz, 

respectively.  To achieve the required velocities the following combinations of disc rotational 

velocity and radial position of the ball on the disc were used: 3.35 rad/s and 6.5 mm (0.022 

m/s); 5.86 rad/s and 7.5 mm (0.044 m/s). The tests were unlubricated, carried out at a 

controlled room temperature of 18 ± 1°C, and a relative humidity of 30-40%. Each test was 

repeated four times. 

Table 1:  Material properties of alumina 

 Ball
20

  Disc
21

  

Alumina Content 99.9% 99.7% 

Density (g/cm
3
) 3.90 3.89 

Young’s Modulus (GPa) 365 330 

Poisson’s Ratio 0.25 0.22 

Hardness (GPa) 15.7 15.7 
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Figure 1: a) Tribometer; b) Alumina ball and disc 

2.2� Interferometer 

2.2.1� Disc 

The surface topography of both the ball and the disc were obtained using a three-dimensional 

non-contacting optical profilometer, which uses a white light interferometric microscope, 

MicroXAM2, (KLA Tencor, Wokingham, UK). The data produced by the interferometer was 

processed and analysed using MapVUE AE version 2.27.1 (KLA Tencor, Wokingham, UK) 

and Scanning Probe, Image Processor, SPIP version 4.4.3.0 (Image Metrology, Hørsholm, 

Denmark). The in-plane measurement area, optical resolution, and spatial sampling rate vary 

depending on the magnification of the microscope, as shown in Table 2. The resolution in the 

z direction (normal to the x-y plane of the surface of the disc) is approximately 1 nm.  

 

Table 2: Interferometer magnification properties
22

 

 

Objective Magnification 10×××× 20×××× 50×××× 

Measurement Area (µm) 827 × 626 413 × 313 165 × 125 

Spatial Sampling (µm) 1.1 × 1.3 0.55 × 0.65 0.22 × 0.26 

Optical Resolution (µm) 0.92 0.69 0.5 

 

For each disc a section across the wear track was scanned in two different locations with a z 

depth of 200 Lm. In order to scan the full width of the wear track a number of images were 

stitched together using the stitch function in MapVUE AE. These images were then 

transferred to SPIP for processing and analysis. The interpolate function was used to fill in 

void pixels before using the plane correction facility to automatically correct plane distortions 

in the data using polynomial functions. In this case a first order polynomial was used as the 

slope on the data appeared linear.  The mean z value was then adjusted to zero. To determine 

the surface roughness before and after the ball-on-disc test a 492 µm × 433 µm area of the 

main image was sampled in two locations, inside the wear track and on the unworn surface.  

The surface roughness, 	
, for each location was then calculated using the SPIP software. 

a b 
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2.2.2� Balls  

For the balls the wear flat was scanned with a z depth of 400 Lm, and a magnification of 10×. 

The interpolate function was used to fill in void pixels. A region of interest was defined 

around the observed wear flat on the ball and the rest of the image was excluded from 

processing. The data inside the region of interest was then corrected for any curvature using 

the plane correction facility and a second order polynomial. The mean z value was also 

adjusted to zero. The surface roughness, 	
� and dimensions for the wear flat were calculated 

using the SPIP software.  To determine the surface roughness before the ball-on-disc test, a 

single scan was taken with a z depth of 400 Lm, and a magnification of 50×. The image was 

corrected as above for the wear flat. 

2.3� Wear Calculations 

2.3.1� Disc 

The data from the interferometer was used to calculate the volume loss for the disc. For each 

of the two interferometer images taken for each disc, an average cross sectional profile of the 

wear track was calculated using SPIP. The edges of the wear track were found visually and 

the average profile cut to these edges. The mean surface calculated by the software takes into 

account the depth of the wear track and is therefore not a true representation of the z depth of 

the unworn surface. To adjust for this, a new mean surface was calculated from the average 

of the z depths of the two outer edge data points and subtracted from the z depth values of all 

the data points. The area above this curve is therefore the cross sectional area of the wear 

track and was used to calculate the volume loss. Using freeware Octave software, version 

3.6.2 (John W Eaton, University Wisconsin Madison, Wisconsin, USA) the approximate 

cumulative integral of z with respect to x was calculated using trapezoidal integration (Figure 

2). The width of the trapezoids is defined by the spatial sampling rate of the interferometer in 

the x-direction. It was assumed that the calculated cross-sectional area was constant 

throughout the wear track and therefore the volume loss could be calculated by revolving the 

area around the circumference of the track.  

 
 

Figure 2: Schematic showing approximate cumulative integral calculated using 

trapezoidal integration 
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2.3.2� Balls  

For the balls it was assumed that the volume loss, �
, takes the form of a spherical cap as 

shown in Figure 3, whose volume was calculated from:  

 

)3(
6

1 22 �
��
 += π         Equation (1) 

where 
 is the radius of the wear flat and � the height of the spherical cap calculated from: 

 

22 
��� −−=         Equation (2) 

 

where � is the radius of the ball itself.  

 
Figure 3: Schematic showing a spherical cap 

2.4� Scanning Electron Microscopy 

The worn and unworn disc surface topography were sputter-coated with gold and then 

examined with a Scanning Electron Microscope (SEM), JEOL 7000 (JEOL, Japan) operated 

at 10.0 kV.   

2.5� Statistical Analysis 

The statistical analysis was conducted using Minitab version 16.2.3 (Minitab Ltd. Coventry, 

UK). Anderson-Darling tests were used to check the data followed a normal distribution, 

based on a probability (� value) of less than 0.05. Two sample t-tests were used to determine 

if there were significant differences between surface roughness measurements on the worn 

and unworn surfaces, based on a probability (� value) of less than 0.05. 

3� Results 

3.1� Surface Study 

3.1.1� Disc 

The interferometer image of the disc surface, taken with a 10× lens (Figure 4a), clearly shows 

the loss of material in the wear track and also a small build up of material on the inner edge. 

The cross sectional profile showing the z depths across the wear track (Figure 4b) clearly 

supports these observations. Figure 5a shows an image of the same disc, taken with a 20× 

a 

r 

h 
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lens and the wear track was not so easily identifiable. The cross sectional profile in Figure 5b 

shows the wear track was positioned higher than the unworn surface which is an incorrect 

result. This type of image and data were typical of that produced by the 20× lens and suggests 

a method problem caused by the change in magnification. 

 
 

 
Figure 4: Wear track on an alumina disc after ball
on
disc test conducted at a sliding 

velocity of 0.022 m/s; a) Interferometer image of z depth taken at 10× magnification; b) 

Cross sectional profile of the wear track. 

 

 

 

 

 

 

 

a 

b 
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Figure 5: Wear track on an alumina disc after ball on disc test conducted at a sliding 

velocity of 0.022 m/s; a) Interferometer image of z depth taken at 20× magnification; b) 

Cross
sectional profile of the wear track. 

On visual inspection the worn surface was noticeably more polished than the unworn surface 

suggesting that the surface roughness was lower on the worn surface.  Marks which were left 

on the discs from the manufacturing process were removed during the test and cannot be seen 

on the worn surface. There were marks in the direction of travel of the ball in the worn 

surface suggesting third body wear from wear debris trapped between the ball and the disc.  

The surface roughness, 	
, as measured using both a 20× and 10× lens on the interferometer, 

of the unworn and the worn surfaces is shown in Table 3, with the two measurements for 

each test denoted by a and b.  A two sample t-test showed that the 	
 values measured by the 

10× and the 20× lens for the unworn surface were significantly different (p=0.000) but there 

was no significant difference for the worn surface (p=0.313). It was evident from the data that 

the 20× lens consistently measures a decrease in surface roughness, as seen visually on the 

surface of the discs. However seven of the 10× lens measurements showed an increase in 

surface roughness and this was not in agreement with the visual evidence. Therefore, it was 

assumed that the 20× lens measurements were the more reliable. A two sample t-test on the 

20× lens surface roughness measurements confirmed that there was a significant difference 

between the unworn and worn surfaces (p=0.000). 

 

a 

b 
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Table 3: Surface roughness, ����interferometer measurements of the unworn and worn 

disc surface with 10× and 20× lenses 

  10×××× magnification 

Surface Roughness, �� (µm) 

 20×××× Magnification  

Surface Roughness, �� (µm) 

Test No Unworn 

Surface 

Worn 

Surface 

Change  Unworn 

Surface 

Worn 

Surface 

Change 

1a 0.2 0.2 0.0  0.7 0.3 -0.4 

1b 0.3 0.2 -0.1  0.8 0.2 -0.5 

2a 0.2 0.2 0.0  0.5 0.4 -0.1 

2b 0.2 0.2 0.0  0.5 0.4 -0.0 

3a 0.2 0.1 -0.1  0.5 0.2 -04 

3b 0.2 0.1 -0.1  0.6 0.3 -0.4 

4a 0.3 0.2 -0.1  0.7 0.1 -0.5 

4b 0.2 0.2 0.0  0.7 0.1 -0.6 

5a 0.2 0.3 0.1  0.6 0.3 -0.4 

5b 0.2 0.3 0.1  0.6 0.2 -0.4 

6a 0.2 0.2 0.0  0.6 0.2 -0.4 

6b 0.2 0.2 0.0  0.6 0.2 -0.4 

7a 0.8 0.4 -0.4  1.0 0.5 -0.5 

7b 0.8 0.4 -0.4  0.8 0.7 -0.1 

8a 0.1 0.2 0.0  0.4 0.1 -0.3 

8b 0.1 0.2 0.0  0.4 0.1 -0.3 

Mean 0.3 0.2 0.0  0.6 0.3 -0.3 

Standard 

Deviation 0.2 0.1 0.2 

 

0.2 0.2 0.2 

 

Visual analysis of the images of all the discs suggested that the 20× lens measures a number 

of 'pits' in the unworn surface which the 10×lens did not measure. This was confirmed by 

Figure 6, where one of these pits was imaged with both the 10× and 20× lenses. In Figure 6a 

the 	
 value was 0.683 µm and the maximum depth of the pit was 28 nm and in Figure 6b the 

	
 value was 0.25 µm and the maximum depth of the pit was 17 nm. These pits were not 

measured on the worn surface by either the 20× or 10× lenses.  
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Figure 6: Interferometer image of a pit in the unworn surface of the disc; a) taken with 

20× lens; b) taken with 10× lens 

Figure 7a shows an SEM image of the surface of the disc shown in Figures 4 and 5. The wear 

track was clearly identifiable on the image as a dark stripe. The wear track width was 

measured using the SEM software to be 0.805 mm and compares reasonably well with the 

interferometer measurement of 0.898 mm from the 10× lens image in Figure 3b. The SEM 

image agrees with the interferometer images in that there was a series of deep pits on the 

unworn surface, but they cannot be identified on the worn surface. The detailed SEM image 

of the worn surface (Figure 7b) showed what appears to be a tribofilm
23

 of compacted wear 

debris and a series of micro-cracks.  

 

Figure 7: SEM image of an alumina disc after ball
on
disc test conducted at a sliding 

velocity of 0.022 m/s; a) overview of wear track and unworn surface; b) detailed view of 

worn surface. 

3.1.2� Balls 

The three-dimensional interferometer image of a ball, shown in Figure 8a, taken after a ball 

on disc test, clearly shows the wear flat which formed on the surface during the tests. Figure 

8b shows some directional marks, again suggesting third body wear due to trapped wear 

debris, or possibly a transfer of the tribofilm described above.  The surface roughness, 	
, of 

the unworn and the worn surface of the balls can be seen in Table 4. A two sample t-test 

showed there was a significant difference between the 	
 of the ball before and after the tests 

(p=0.003). This is supported by the visual appearance of the wear flat being duller than the 

a 

a b 

b 
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unworn surface. The mean 	
�of the ball after a 0.044 m/s test was 0.2 ± 0.1 µm and after a 

0.022 m/s test was 0.6 ± 0.2 µm.  

  

 
 

Figure 8: Interferometer image of the wear flat on an alumina ball after ball
on
disc test 

conducted at a sliding speed of 0.022 m/s; a) three
dimensional image; b) processed two


dimensional image 

 

Table 4: Surface roughness, ����interferometer measurements of the unworn and worn 

ball surfaces (Reported to different precisions due to different measurement techniques) 

 

Test 

Number 

Unworn 

Surface ���(µm) 

Worn Surface 

���(µm) 

1 0.008 0.2 

2 0.007 0.1 

3 0.014 0.3 

4 0.007 0.2 

5 0.012 0.6 

6 0.008 0.8 

7 0.007 0.4 

8 0.009 0.7 

Mean 0.009 0.4 

Standard 

Deviation 

0.003 0.3 

3.2� Wear  

3.2.1� Discs 

The wear volumes for the discs were 0.0194 ± 0.0094 mm
3
 (mean ± standard deviation) and 

0.0241 ± 0.0133 mm
3
 for speeds of 0.044 and 0.022 m/s, respectively. The wear volumes 

calculated for each disc can be seen in Table 5, with the two measurements for each test 

denoted by a and b. These wear volumes correspond to a mass loss of 0.0766 ± 0.0368 mg 

and 0.0950 ± 0.0522 mg, assuming a density value of 3.89 g/cm
3
. 

 

a b 
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Table 5: Disc wear volumes a) velocity 0.044m/s b) velocity 0.022m/s 

 

 

Test 

Number 

Wear 

Volume 

(mm
3
) 

1a 0.0289 

1b 0.0324 

2a 0.0223 

2b 0.0186 

3a 0.0062 

3b 0.0067 

4a 0.0182 

4b 0.0223 

Mean 0.0194 

Standard 

Deviation 
0.0094 

 
 

 

Test 

Number 

Wear 

Volume 

(mm
3
) 

5a 0.02697 

5b 0.0353 

6a 0.0263 

6b 0.0183 

7a 0.0404 

7b 0.0345 

8a 0.00485 

8b 0.0064 

Mean 0.0241 

Standard 

Deviation 
0.0133 

3.2.2� Balls 

The wear volumes for the balls were 0.0015 ± 0.0009 mm
3
 (mean ± standard deviation) and 

0.0035 ± 0.0026 mm
3
 for speeds of 0.044 and 0.022 m/s, respectively (Table 6). These wear 

volumes correspond to a mass loss of 0.0059 ± 0.0035 mg and 0.0137 ± 0.0101 mg, assuming 

a density value of 3.90 g/cm
3
. 

Table 6: Ball wear volumes; a) velocity 0.044m/s; b) velocity 0.022m/s 

 

 

 

 

 

 

4� Discussion 

                                                                                                                                                                                 

The main aim of this study was to develop and assess a novel method for measuring low wear 

volumes in alumina on alumina TDRs, using non-contacting optical methods. The volume 

loss due to wear on the discs in these experiments was low and the mass loss would have 

been in the order of 0.01 mg. The ISO standard for the wear testing of TDRs
19

 cites the 

standard for THRs
24

, which specifies the use of a mass balance with an accuracy of ±0.1mg. 

Such a balance would have been unable to detect the mass loss in these experiments. There 

Test Number Wear Volume 

(mm
3
) 

5 0.0039 

6 0.0026 

7 0.0067 

8 0.0006 

Mean  0.0035 

Standard 

Deviation 

0.0026 

Test Number Wear Volume 

(mm
3
) 

1 0.0028 

2 0.0012 

3 0.0008 

4 0.0012 

Mean 0.0015 

Standard 

Deviation 

0.0009 

a) b) 

a) b) 
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are mass balances on the market which can detect mass changes in the order of 0.0001, 0.001 

and 0.01 mg for masses below 2.1, 31 and 60 g respectively.
25, 26

 TDR components weigh 

between 15 and 20 g, but once fixtures which maintain the position of the implant in the wear 

testing machine are added the combined weight is over 60 g. Analytical balances which can 

weigh masses above 60 g have a readability of 0.1 mg
26

 which would be unable to detect the 

mass loss in these experiments. Blunt et al
14

 have had similar problems with measuring mass 

changes in the order of 0.005 mg on larger implants, such as THRs and total knee 

replacements. The method developed in this study can measure volume changes equivalent to 

a mass loss of 0.0001 mg which is several orders of magnitude lower than suitable mass 

balances. 

 

Aside from measuring low wear volumes, this non-contacting optical method has the 

advantage over the gravimetric method that both the form and the surface roughness of the 

implant can be measured from just one scan. The data can be used to identify changes to the 

surface topography at the micro-scale and the wear mechanism, and also the location and 

pattern of the wear at a macro-scale. This method could be further developed to measure the 

wear in explanted implants, where the initial mass is unknown and the gravimetric method 

cannot be used.
12-14

 

 

The study also aimed to measure the surface roughness of the worn and unworn surfaces of 

the test samples and investigate the effect of changing the magnification of the optical lens on 

the measurements. The worn surfaces of the discs had a mean 	
 of 0.3 µm which is 

significantly lower than the unworn surfaces, which had a mean 	
 of 0.6 µm. This can be 

explained by the presence of a tribofilm covering the wear track and filling in the deep pits in 

the unworn surface and reducing the surface roughness.
23, 27-32

 As the alumina disc wears, 

grains break away from the surface and are then trapped between the contacting surfaces and 

ground down into smaller wear particles. The directional marks seen in the disc wear track 

are indicative of this type of third body wear. Over time these small particles combine 

together to form agglomerates which are then plastically deformed into compacted layers 

covering the surface of the wear track. Additional sliding leads to the development of 

interconnected micro-cracks as seen in the SEM image (Figure 7b).  

 

The presence of this tribofilm has highlighted a potential pitfall with using non-contacting 

optical methods to measure form. The results show that when using the 20× lens the stitching 

function gives a spurious result, with the worn surface being higher than the unworn surface. 

When scanning larger surface areas the interferometer takes a series of smaller scans and then 

MapVue AE stitches them together to produce one larger scan. The stitching algorithms are 

designed for surfaces with a reasonably consistent surface roughness. In these tests the 20× 

lens measured an appreciable difference between the surface roughness of the worn and 

unworn surfaces. Therefore, there would have been a discontinuity in the surface roughness 

at the boundary between the worn and unworn surfaces causing the stitching algorithms to 

misalign the heights of the individual scans. Since the 10× lens does not measure this 

difference in surface roughness and there is no discontinuity in the scanned surface the 
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stitching algorithms give more reliable results in terms of form measurement. However, the 

results also show that the higher resolution of the 20× lens provides more reliable results in 

terms of surface roughness measurements. 

5� Conclusion 

A technique for measuring low wear volumes (<0.0001 mm
3
/ 0.0001 mg) in ceramic TDRs 

using non-contacting optical methods was successfully developed. The results showed that 

this method was able to measure small changes in volume due to wear which would not have 

been identifiable by using the gravimetric method. The results also showed that, when using 

non-contacting optical methods, the user needs to be aware of the effect of the magnification 

of the lens on the reliability of the measurements. This method is not just limited to TDRs 

and ceramics but could be applied to any orthopaedic implants, made from any material. It 

would also be useful for measuring more severe wear because the method provides additional 

information on surface topography and the pattern of the wear on the implant surface. The 

method could be further developed for use in measuring wear in explanted implants. 
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