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Overview 

• Tribology  

• Why undertake ex vivo analysis 

• Hip prostheses 

• Knee prostheses 

TRIBOLOGY 

Tribology fundamentals 

Jin et al, Biotribology, Current Orthopaedics, 2006, 20, 1, 
32-40 

Joyce, Biopolymer Tribology, in Polymer Tribology, 
Imperial College Press, 2009, 227-266 

Definition of tribology 

• Tribology, from the Greek tribos ‘to rub’ 

• The science of interacting surfaces in relative 
motion, including friction,  lubrication and 
wear 

• Biotribology is this science related to the body 

• Primarily synovial joints and replacement 
joints  

mailto:Thomas.joyce@ncl.ac.uk
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Friction 

Friction (1) 
• Friction force is a resistance to motion 

• With no lubricant: 

Friction force is proportional to normal force F 
= μN 

Friction is independent of velocity 

Friction is independent of apparent contact 
area 

Friction is dependent on real contact area (1 
to 0.0001% of apparent contact area) 

Friction (2) 

• Friction force (F) = F adhesion + F ploughing 

Due to chemical 

bonding at the 

asperity contacts 

Due to breaking 

and deforming of 

one asperity by 

another 

Wear 

Wear (1) 
• Wear is the progressive loss of material from a 

surface.  Various wear regimes: 

Adhesive – due to bonding 

Abrasive – due to hard asperities 

Fatigue – due to cyclic stresses 

Erosive – due to relative motion with a fluid 
containing hard particles 

Corrosive – due to chemical reactions 

May occur singly or in combination 

Wear (2) 
• Wear can be measured as a depth, but volume is 

much better 

• Generally wear volumes: 

Increase with load 

Increase with sliding distance 

Increase with surface roughness 

Decrease with surface hardness 

• However, many other factors can be involved in 
the wear process 
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Lubrication 

Adds a fluid film to separate surfaces 

Lubrication regimes 

• Indicated by lambda ratio, 
λ 

• Hydrodynamic lubrication 
(λ>3) 

• Mixed lubrication (1<λ<3) 

• Boundary lubrication 
(λ<1) 

• Metal-on-polyethylene 
implants operate under 
boundary lubrication 

Calculation of lubrication regimes 

• Ra1 and Ra2 are the surface roughness values of each 
component, hmin is the minimum effective film thickness, 
Rx is the equivalent radius (m), η is the viscosity of the 
lubricant (Pa s), u is the entraining velocity (m/s), E* is 
the equivalent elastic modulus (Pa), and w is the load (N) 
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Calculation of lubrication regimes 

Implant type Dia. 
(mm) 

Roughness, head 
and cup (nm Ra) 

Lubrication 
regime (λ value) 

Metal-on-polymer 
total hip replacement 

28 

Metal-on-metal total 
hip replacement 

28 

Metal-on-metal hip 
resurfacing 

52 

Calculation of lubrication regimes 

Implant type Dia. 
(mm) 

Roughness, head 
and cup (nm Ra) 

Lubrication 
regime (λ value) 

Metal-on-polymer 
total hip replacement 

28 20, 1500 

Metal-on-metal total 
hip replacement 

28 20, 20 

Metal-on-metal hip 
resurfacing 

52 20, 20 

Calculation of lubrication regimes 

Implant type Dia. 
(mm) 

Roughness, head 
and cup (nm Ra) 

Lubrication 
regime (λ value) 

Metal-on-polymer 
total hip replacement 

28 20, 1500 Boundary 
lubrication (λ<1) 

Metal-on-metal total 
hip replacement 

28 20, 20 Mixed lubrication 
(1<λ<3) 

Metal-on-metal hip 
resurfacing 

52 20, 20 Fluid film 
lubrication (λ>3) 
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Different Hip Resurfacing Designs 

Implant Revision rate 
at 5 years 

ASR 13.8% 

Source: National Joint Registry 

for England and Wales 2012 
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Implant Revision rate 
at 5 years 

ASR 13.8% 

BHR 3.7% 

Conserve + 8.5% 

Source: National Joint Registry 

for England and Wales 2012 

Different Hip Resurfacing Designs 

Implant Revision rate 
at 5 years 

ASR 13.8% 

BHR 3.7% 

Conserve + 8.5% 

Durom 6.0% 

Source: National Joint Registry 

for England and Wales 2012 

Why ex vivo analysis? 

• To learn from failures to prevent future failures 

• Patients get better implants 

• Costs reduced due to fewer revision operations 

• Failure could be due to: 

• Design defect 

• Poor surgical instruments/training 

• Ensure the orthopaedic surgeon doesn’t 
mistakenly get blamed 

 

HIPS 

http://arthritis.about.com/od/hip/ss/birminghamhip_2.htm
http://arthritis.about.com/od/hip/ss/birminghamhip_2.htm
http://arthritis.about.com/od/hip/ss/birminghamhip_2.htm
http://images.google.co.uk/imgres?imgurl=http://www.keepmeactive.com/images/Cormetheadandcup.jpg&imgrefurl=http://www.keepmeactive.com/USA/MyHip/US-hip_homepage.htm&usg=__xqln-TCVC0BUX3QHYIkUCSHqLvY=&h=234&w=230&sz=26&hl=en&start=5&sig2=G6hnlbyL-eEk3wFHoNO5vA&um=1&itbs=1&tbnid=4-VO_rV_XxJGdM:&tbnh=109&tbnw=107&prev=/images?q%3DHip%2Bresurfacing%26um%3D1%26hl%3Den%26sa%3DN%26tbs%3Disch:1&ei=8xOIS4SQKouG4QbntPClDw
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The Lancet 2007 

• ‘Charnley LFA: a worldwide retrospective review at 15 to 
20 years’ (Older, J Arthroplasty, 2002, 675-680).  83% 
survival rate at 20 years 

• National Joint Registry (NJR) 2012 – 97.7% survival rate 
at 8 years (cemented hips) 

 

 

DePuy 
ASR™ 

Mail on 
Sunday 
24 Oct 
2010 

November 2011 

• Australian Senate report 

• “The committee is deeply 
disturbed by what appears 
to be tardiness on the part 
of JJM to act on known 
problems with these 
devices.  Many people could 
have avoided considerable 
pain, suffering and 
diminished quality of life if 
the company had acted in a 
responsible manner” 

May/Nov 2012 

• UK Government 

• “When things go wrong 
with implants it can ruin 
lives— as the complications 
with metal-on-metal hip 
replacements have sadly 
shown” 

• “Much greater 
transparency is needed 
about the approval 
process” 

 

2013 

• “Data critical of the performance of the ASR were 
presented at numerous scientific meetings in 2008 and 
onward to the time of this writing, particularly at 
meetings of the British Hip Society (BHS) and the British 
Orthopaedic Association (BOA).  This factor, rather than 
the MHRA alert in July 2010, almost certainly led to the 
subsequent drop in sales of that implant” 

JBJS (US) 2011 
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Who criticised ASR in 2008? 
• Hip resurfacing in females – are we under-diagnosing metal 

hypersensitivity?  DJ Langton, SS Jameson, T Joyce, J Webb, AVF 
Nargol.  British Hip Society, Norwich, February 2008 

• Analysis of ex vivo resurfacing hip prostheses and comparison with 
clinical data.  TJ Joyce, D Langton, S Jameson, AVF Nargol.  British 
Orthopaedic Research Society, Manchester, June 2008 

• Analysis of failed metal-on-metal resurfacing hip prostheses.  TJ Joyce, 
DJ Langton, SS Jameson, AVF Nargol.  Bath Biomechanics Symposium, 
Bath, 15 September 2008 

• Reducing exposure to metal ions following hip resurfacing: the 
importance of acetabular orientation.  DJ Langton, SS Jameson, TJ 
Joyce, J Webb and A V F Nargol.  British Orthopaedic Association 2008 
annual congress, Liverpool, September 2008 

• Early aseptic failure of large metal-on-metal hip arthroplasty – is 
metal sensitivity a consequence of excess wear?  DJ Langton, SS 
Jameson, TJ Joyce, J Webb, AVF Nargol.  British Orthopaedic 
Association 2008 annual congress, Liverpool, September 2008  

 

JBJS (UK) Sept 2008, 1143-1151 

For DePuy ASR™ hip resurfacings ion levels linked to 

acetabular cup size and position 

JBJS (UK) Oct 2009 

Contact Patch to Rim (CPR) distance – ASR™ cups more sen-

sitive to position than BHR: explains differences in clinical results 

JBJS (UK) Jan 2010 

ASR XL 49% revision rate at 6 yrs   
Identification of damage at taper interface 

JBJS (UK) Aug 2011 

• Bone & Joint Research, 2012, 1, 4, 56-63 

• Measurement of taper wear volumes 



24/09/2013 

7 

J Engineering Tribology, 2009, 317-323 

Failed ASR™ resurfacing hips had roughened in the body  

Roughness values: worn vs unworn areas of 
ASR™ femoral heads 
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Summary of roughness results 

• Typical changes 15nm Ra to 60nm Ra 

• Results in change from hydro-
dynamic to boundary lubrication 

• In boundary lubrication, wear 
volume (V) is proportional to sliding 
distance (D) 

• Hip resurfacings are large diameter, 
so wear could occur over a large 
sliding distance giving high wear 
volumes .... 

V = KFD 
V = Volume lost (mm3) 

K = Wear factor (x10-6mm3/Nm) 

F = Load (N) 

D = Sliding distance (m) 

Failed ASR™ resurfacings 

Common 

factor – ‘rim 

wear’ at edge 

of cup.   

Associated 

with cups 

fitted at high 

inclination 

and/or 

anteversion 

angles  

Questions to you 

• What is an acceptable wear rate in vivo for a 
metal-on-metal hip? 

• How do you measure this wear in vivo? 
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• For ASR explants, average wear 18mm3/year 

• 3mm3/year as ‘tipping point’ above which failure 
occurs 

Could in vitro wear testing of the ASR 
identified high wear? 

• Small resurfacing ASR tested at 55° inclination by Leeds 
University/DePuy 

• 9mm3/million cycles wear (90x > large ASRs at 45°) 

• Resurfacing patients do 1.9 million steps p.a. 

• Average wear ASR resurfacing explants 18mm3/year 
(Lord et al, Wear, 2011) 

• Hip simulators can provide clinically relevant results 

ASR™ XL femoral head 

• Female patient, ASR™, failure at 35 months 

• 45.5mm diameter, inclination 60°, anteversion 31°: Co 
32.2μg/L, Cr 22.0μg/L 

• Red area shows at least 20μm of wear depth, wear 
volume from head 20.2mm3       

Wear at taper junction ASR™ XL 
• We use our CMM to 

measure taper wear   

• Example - 0.7mm3  
taper volume loss; 
maximum wear depth 
39 microns 

• Enough to cause 
failure and tissue 
destruction  

Light blue 

shows 

unworn 

areas 

Langton et al, BJR, 2012, 56-63 

A WORD ON IONS 

Plot wear rate v blood Co 
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The ‘cobalt ladder’ 
Whole blood 

Cobalt 
Interpretation 

<1µg/l 93% of population  

<2µg/l Values are near to background.  Expected wear of 
MoM resurfacings 

2 to 4.5µg/l Abnormal wear possible.  Consider device, bearing 
diameter, orientation in vivo and activity levels 

4.5 to 5.6µg/l High specificity for abnormal wear 

>5.6µg/l 100% specific for abnormal wear 

>10µg/l Abnormal wear unequivocal 

>20µg/l Metal staining of the joint 

Bone Joint Research, 2013, 2, 84-95 

 

 

KNEES 

Background 

• Knee replacements are the most 
common joint replacement 
procedure in the UK and the world 

• The number of operations increases 
every year and cannot solely be 
explained by an increasing and 
ageing population 

• A proportion do fail, many of these 
are linked to wear particle induced 
osteolysis 

NJR 2012 

• 84,643 knee joint replacement 
procedures in 2011 

• Average patient age 68 

• 56% female 

• 98% osteoarthritis 

• 5,137 revisions 

• 6.1% revision burden 
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Total Knee Replacement (TKR) and Unicondylar  

NJR 2012 – 91% TKR,  

1% patello-femoral replacement, 

8% unicondylar 

93% fixed, 7% mobile 30% fixed, 70% mobile 

NJR 2012 

Indications for knee revision 
surgery (NJR 2012 p103) 

Aseptic loosening 35% 

Pain 16% 

Lysis 10% 

Wear of PE component 10% 

Instability 14% 

Infection 23% 

Malalignment 7% 

Stiffness 5% 

Progressive arthritis remaining 8% 

Others 17% 
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Australian 
Joint Registry 

2012 

 

But (1) Heavier patients 

But (2) Younger patients 

• There has been a dramatic increase in the 
number of knees implanted in the 45-64 age 
group from 2000 to 2008 

• Likely subject to more wear 

• “the greater risk of implant failure in younger 
patients, coupled with longer remaining life 
expectancy in this age group, will combine to 
produce even higher rates of revision” (Losina 
2012) 

Australian Joint Registry 2012 
Knee revision rates by patient age 

 

Why ex vivo analysis of knee 
implants?   

• There are no standard techniques to quantify 
in vivo wear rates and track the clinical 
performance of UHMWPE components in 
knee replacements 

• The most effective way to evaluate the in vivo  
performance of UHMWPE continues to be the 
analysis of retrieved components from 
revision surgery or autopsy 

 

How to undertake ex-vivo analysis 
of knee implants? 

• Semi-quantitative Hood analysis of UHMWPE 
articulating and non-articulating surfaces  

• Roughness and surface topography of femoral 
(metal) articulating surfaces  

• Roughness and surface topography of 
articulating and backside of tibial UHMWPE 
insert 

• Roughness and surface topography of (metal) 
tibial tray 
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Mitutoyo Quick Scope vision 
measuring microscope 

Ex-Vivo Analysis UHMWPE  

Selection of six retrieved Total Knee Replacement PE components with 
varying levels of macroscopic surface damage  

Hood1 Analysis: Surface Damage Modes   
1. Surface Deformation - Areas where there is evidence of permanent 

deformation occurring on or around the articulating surface  

2. Pitting - Depressions in the articulating surface 

3. Embedded Debris - Recognised by a colour and/or texture difference 

4. Scratching - Indented lines generally found in an anterior-posterior 
direction and the areas of wear 

5. Burnishing - Areas that have become highly polished 

6. Abrasion - Areas in which the UHMWPE has a shredded or tufted 
appearance  

7. Delamination - Areas in which a large sheet of UHMWPE has been 
removed with evidence around the periphery of a subsurface failure 
mechanism occurring parallel to the articulating surface 

1. Hood et al JBiomedMatRes1983 Retrieval analysis of total knee prostheses: A method and its application to 48 total condylar prostheses 

Hood Analysis 
• Tibial UHMWPE articulating surface 

divided into 10 sections  

• In each section a score 0, 1, 2 or 3 is 
given for each surface damage 
mode  
• 0 = Damage mode not observed 

• 1 = Damage mode observed on <10% 

• 2 = Damage mode observed 10-50%  

• 3 = Damage mode observed >50%  

• Total degradation score = sum of all 
surface damage mode scores for all 
10 sections  

• Maximum degradation score = 210 
(i.e. 3 x 10 x 7 = 210)  

Hood Analysis Hood Analysis Limitations 

• Inter- and Intra- Observer 
variability 

• Semi-quantitative  

• Grade bands too broad? 

• Total score gives no 
indication of location of 
wear 
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Backside wear 

• Important as smaller, more reactive 
PE particles produced here (Conditt 
et al, 2005) 

• Rao et al 2002, 6 sections + each of 
the 7 Hood damage modes, graded 
0-3 

• Conditt et al 2005, 4 sections 

Anterior 

Posterior 

Backside wear 

• Wasielewski et al (2004) 

• Identification patterns for backside 
wear 

• Same 7 damage modes are used as 
in the Hood analysis 

Ex-vivo analysis: surface topography 

• Roughness and surface 
topography measurements are 
taken using a Zygo NewView 
5000 non-contacting 3D 
profilometer  

• Vertical resolution of better 
than one nanometre 

• Measurements include 
– Sq – Root Mean Squared Roughness 

– Sa – Average Roughness 

– Ssk – Roughness Skew 
 

 

Surface topography – femoral  

(a) Unworn Sa: 0.034 µm  

(b) Worn Sa: 0.324 µm  

Ex-Vivo Analysis 
Surface Topography - UHMWPE 

 

 

 

 
 

 

 

Surface topography of a UHMWPE Tibial component  (a) un-
worn area (Sa: 0.311 µm) and (b) worn area (Sa: 1.467 µm)  

(a) (b) 

PILOT STUDY RESULTS 
(THANKS TO FREEMAN HOSPITAL 
FOR SUPPLY OF EXPLANTS) 
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Knee Age at 

Revision 

BMI Sex Right or 

Left 

Time in vivo 

(years) 

Cemented (C) or 

uncemented (U) 

Knee Type Indication for revision 

1 81 27.5 M R 20 U Stryker Kinematic Aseptic loosening 

2 72 29.5 M R 19 C Smith and Nephew Genesis Wear of UHMWPE, periprosthetic fracture 

3 72 21.5 M R 12 C Stryker Kinemax Infection 

4 72 29.5 F R 7 C Plus Orthopaedics TC Plus Wear of UHMWPE 

5 56 28.5 M R 7 C Stryker Kinemax Loosening 

6 90 27 F L 7 C Biomet Maxim Instability 

7 55 26 M R 22 C Stryker Kinemax Plus Infection 

8 80 24 F L 1 C Biomet AGC V2 HPPS Instability, aseptic loosening, periprosthetic 

fracture 

9 73 41.7 M L 6 C Biomet Dual Articular 2000 Infection 

10 73 30 F L 13 C Stryker Kinemax Wear of UHMWPE 

11 77 25 M R 2 C DePuy Noiles S-ROM rotating hinge Infection 

12 79 31.5 M R 5 C DePuy PFC Sigma Infection 

13 85 NK F R 20 C Biomet AGC V2 HPPS Tibial loosening 

14 82 25 M L 19 C Stryker Kinematic Aseptic loosening and wear 

15 79 32.7 M L 14 C Stryker Kinemax Aseptic loosening 

16 79 NK F R 7 C DePuy PFC Sigma Infection 

17 67 32 F L 13 C Stryker Kinemax Wear of UHMWPE 

18 67 38 M R 3 C DePuy PFC Sigma Fixed flexion, tight anterior compartment 

19 49 33 F L 14 U Exactech Optetrak Tibial loosening 

Roughness femoral v time in vivo 

Roughness femoral v Hood score Summary of pilot study results 

• All femoral components were shown to be up 
to 11x rougher  

• Mostly, this roughness was more apparent on 
the lateral condyle than the medial 

• Increase in roughness occurred relatively soon 
after implantation 

• We continue 
to look at 
knee explants 

• Examination 
of failed TKR 

Freeman 

Hospital, 

Newcastle upon 

Tyne 

https://pf-postgrad.ncl.ac.uk/eportfolio/staff/view?target=b0927116
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DePuy LCS® Duofix™ knee 

• Global revision rate 0.57%, higher in 
Australia, 1.34% revision rate (2009) 

• DePuy recalled  

• Willis-Owen, JBJS 2011, 8% revision 
rate  

• “A complete explanation of the 
cause of this problem has not been 
made available by the 
manufacturer”  

• Why not? 

Australian Joint Registry 2012 

• LCS Duofix knee 

• By surgeon number 
of procedures/year 

• >10-25: 10.7% 
revision rate at 3 yrs 

• 26-70: 10.1% revision 
rate at 5 years 

• >70: 12.4% revision 
rate at 5 years 

• “2,614 procedures” 

Overview 

• Tribology  

• Why undertake ex vivo analysis 

• Hip prostheses 

• Knee prostheses 

 

Thomas.joyce@ncl.ac.uk  

@metalhip_ncl  
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