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TOTAL HIP PROSTHESES
• More than 1’500’000 implantations per year
• Costs of a hip implant: About 1’500 €

 About 5’300 US$
• Operation time: 45 – 90 minutes
• Number of steps per year: 500’000 – 10’000’000
• Life expectancy: 5’000’000 è  

 200’000’000 cycles



TOTAL HIP PROSTHESES
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TOTAL HIP PROSTHESES



CLINICAL RESULTS
 SURVIVAL RATES



Cumulative Percent Revision at 20 years: 7.9%



THE OPERATION OF THE CENTURY:
TOTAL HIP REPLACEMENT

• I. Learmonth et al,
The Lancet, 370, 
2007, p. 1508



Cumulative Percent Revision at 20 years: 
• Less than 55 years: 9.5%
• 55 – 64 years: 8.2%
• 65 – 75 years: 7.8%
• More than 75 years: 7.0%



PATIENT ACTIVITY
• As the mean age of the patients is steadily 

decreasing, the mean activity of the patients is 
increasing.
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PARTICLE DISEASE

• The first description of this phenomenon 
was published in 1974 by Prof. H.G. 
Willert (Germany) and
Dr. M. Semlitsch (Sulzer  Orthopaedic)

• Dutch-Swiss Orthopaedic Societies, 
Lausanne, 1974 
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PARTICLE DISEASE

Courtesy of CeramTec
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PARTICLE DISEASE

The Cellular and Molecular
Biology of Periprosthetic 
Osteolysis

P.E. Perdue et al

CORR, 454, 2006, p. 454



PARTICLE DISEASE

The Pathology of Orthopedic Implant 
Failure Is Mediated by
Innate Immune System Cytokines

S. Landgraeber et al

Mediators Inflamm. 2014:185150



RELATIONSHIP OF ACETABULAR WEAR TO 
OSTEOLYSIS AND LOOSENING IN THA
• “Increasing annual acetabular wear correlated 

strongly with aseptic loosening, failure, and revision 
of the acetabular component.”

• “Increasing annual acetabular wear correlated 
strongly with aseptic loosening, failure, and revision 
of the femoral prosthesis.”

• D.H. Sochart, CORR, 363, 1999, p. 135
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• Stem
– a/b titanium alloy
– Titanium – 6% aluminium – 

4% vanadium

– ISO 5832-3
First edition in 1983



• Insert
– Ultra High Molecular Weight 

Polyethylene

– ISO 5834-2
First edition in 1985



• Head
– 82% alumina – 17% zirconia – 

1% different oxides

– ISO 6474-2
First edition in 2012



MATERIAUX



MATERIAUX

• ISO 5832-1: Stainless steel (316L)
• ISO 5832-2: Unalloyed titanium
• ISO 5832-3: Ti6Al4V alloy
• ISO 5832-4: Cast CoCrMo alloy
• ISO 5832-9: Stainless steel (high nitrogen)
• ….



MATERIAUX

• ISO 5834-1: UHMWPE powder
• ISO 5834-2: Moulded UHMWPE
• ... 
• ISO 6474-1: Alumina
• ISO 6474-2: Zirconia-toughened alumina
• ISO 13356: Zirconia
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IN-VIVO SITUATION?

Anatomy

Temperature

Biomechanics



IN-VIVO SITUATION?

Synovial fluid

• Composition:
– Proteins: 1.8 g/dl

Albumin 60%
Globulin 40%

– Hyaluronate: 0.3 g/dl
– Glucose: 90 mg/dl
– Uric acid: 5 mg/dl



IN-VITRO SITUATION?

Hip simulator

• Composition:
– 33% Calf serum
– 67% Ringer solution
– Proteins concentration: 2 g/dl
– Filtration by a 0.2 µm filter
– pH: 7.2



IN-VITRO SITUATION?

Hip simulator

• Composition:
– Diluted calf serum
– Deionized water
– Proteins concentration: 3 g/dl
– Filtration by a 0.2 µm filter
– Antimicrobial reagent:

Sodium azide



PIN-ON-DISC

• For a first material evaluation, there is a need 
for screening tests with the following 
characteristics:
– Same wear mechanism
– Same amount of wear

• First standardized tests were developed in the 
early 80's (ASTM F-732).



PIN-ON-DISC



ABRASIVE / ADHESIVE WEAR
ARCHARD EQUATION

– V: Wear Volume
– L: Normal load
– W: Distance
– H: Hardness
– KWear: Wear Factor

  Abrasive: 10-4 – 10-1

  Adhesive: 10-7 – 10-2
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COMPARATIVE STUDY OF THE WEAR OF 
UHMWPE WITH ZRO2 AND STAINLESS STEEL 
FEMORAL HEADS IN ARTIFICIAL HIP JOINTS

• In-vitro wear factors: about 10-8 mm3/Nm
• In-vivo wear factors: about 10-6 mm3/Nm
• B. Derbyshire et al, Med Eng Phys, 16, 1994,

p. 229



PIN-ON-DISC



QUANTIFICATION OF THE EFFECT OF 
CROSS-SHEAR ON THE WEAR OF 

CONVENTIONAL AND XLPE UHMWPE

• Cross-shear increased the apparent wear factor 
for both polyethylenes by more than fivefold 
compared to unidirectional wear.

• L. Kang et al, JoB, 14, 2008, p. 340
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AMTI – HIP SIMULATOR



AMTI – HIP SIMULATOR



HIP SIMULATOR

• AMTI – ISO 14'242-1:
– Flexion - Extension:    25° - 18°
– Abduction - Adduction:   7° - 4°
– Int. - Ext. Rotation:    2° - 10°
– Maximum load (double peak):  3'000 N
– Temperature:     37 °C
– Frequency:     1.0 Hz



HOW TO MEASURE THE WEAR?
• Gravimetric method:
– High resolution balance (better than 0.2 mg)
– Fluid absorption
– Material transfer

• Dimensional method:
– High resolution method (better than 1 µm)
– Volume of measurement: 12 – 8 – 8 cm
– Creep



OPTICAL SENSOR

800’000 measuring points  /  20 nm resolution





TRIBOCORROSION





HIP SIMULATOR
• Open questions:

– Acetabular Liner/Shell Angle
– Third Body Particles
– Changing Load Parameters
– Stop-Dwell-Start (Stiction)
– Microseparation
– Corrosion
– …



ANALYTIC APPROACH?
• Difficult to the 

(too) large number 
of parameters

• The wear and the 
friction are 
controlled by the 
whole system



BOUNDARY LUBRICATION

• The thickness of the lubricant is not high 
enough to avoid a contact between the head 
and the cup.



FLUID FILM LUBRICATION

• The thickness of the lubricant is high enough to 
avoid a contact between the head and the cup.



MIXED LUBRICATION

• Intermediate situation between the boundary 
and fluid film lubrication.



LUBRICATION OF
HARD-ON-HARD ARTICULATIONS

• The lambda coefficient l describes the 
lubrication mode:

– hc: Central film thickness
– Rq: Root mean square roughness

!
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MODE OF LUBRICATION
• Boundary lubrication

Lambda < 1

• Mixed lubrication
1 < Lambda < 3

• Fluid film lubrication
Lambda > 3



LUBRICATION OF
HARD-ON-HARD ARTICULATIONS

• The lambda coefficient l describes the 
lubrication mode:

– hc: Central film thickness
– Rq: Root mean square roughness
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FILM THICKNESS

• Hamrock - Dowson equation (1978):
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‒ hc: Central film
  thickness

‒ R: Relative radius
‒ n: Viscosity

‒ u: Relative velocity
‒ E’: Equivalent elastic

  modulus
‒ w: Load



LUBRICATION

Load: 3000 N
Viscosity: 0.005 Pas



CAST
CoCrMo ALLOY

WROUGHT
CoCrMo ALLOY



LAMBDA COEFFICIENT
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THE EFFECT OF FEMORAL HEAD 
DIAMETER UPON LUBRICATION AND 

WEAR OF METAL-ON-METAL THR
• “This study has demonstrated that the 

application of sound tribological principles to 
prosthetic design can reduce the wear of metal-
on-metal joints, using currently available 
materials, to a negligible level.

• S.L. Smith et al, IMechE 215, 2001, p. 1
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LARGE DIAMETER MoM BEARINGS











AUSTRALIAN REGISTRY 
2025

Figure MM2:
Cumulative Percent Revision of 
Metal/Metal Primary Total 
Conventional Hip Replacement 
by Head Size



Cumulative Percent Revision at 20 years: 
≤ 32 mm: 12.3%
>32 mm: 32.6%



Cumulative Percent Revision at 20 years: 
• Less than 55 years: 9.6%
• 55 – 64 years: 8.2%
• 65 – 75 years: 7.6%
• More than 75 years: 6.2%



LARGE DIAMETER 
MoM BEARINGS

Loss of fluid lubrication?



EDGE WEAR

• 40 mm metal-on-metal 
bearing

• Inclination: About 55°
• Women: 48 years old
• Time in-vivo: 5.6 years







EDGE WEAR

• Volumetric wear of the head:
  58.8 mm3

• Volumetric wear of the cup:
  51.8 mm3

• Volumetric wear rate:
  19.8 mm3/year
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BIOLOGIC REACTIONS

• Loss of fluid lubrication

• Without a fluid lubrication, the amount of 
volumetric wear / friction are increasing 
with large diameter bearings.



TAPER CONNECTIONS



TAPER CONNECTIONS
• Impaction forces

– Mallet
– Direction
– Number of impacts
– …

• Cleanness of the taper?
• Wet or dry?
• Geometry
• Head size
• Roughness
• …



LARGE DIAMETER MoM BEARINGS

F.S. Haddad et al, JBJS 93B, 2011, p. 572



LARGE DIAMETER MoP BEARINGS

R.B. Cook et al, JoA, 2013, 28, p. 1430



SMALL DIAMETER MoP BEARINGS

M. Kiran et al, JoA, 30, 2015, p. 277



MODULAR NECKS

D.O. Molloy et al, JBJS, 2014, 96A, p. 488



“IMPRINTING”



MACC
MECHANICALLY 

ASSISTED 
CREVICE 

CORROSION

J.L. Gilbert, JBMR, 27, 1993, p. 1533



FRETTING CORROSION
OR CREVICE CORROSION?



FRETTING CORROSION
OR CREVICE CORROSION?

• “Therefore, based on 
these results, the 
attention should be focus 
on fretting-corrosion.”

• A. Bermudez-Castañeda,
Thesis 8591, EPFL, 2018







• “A stable fixation between femoral head and 
endoprosthesis taper is necessary to prevent 
relative motions and corrosion at the taper 
junction.”

• A. Rehmer et al, Clin Biomech, 27, 2012, p. 77

INFLUENCE OF ASSEMBLY PROCEDURE 
AND MATERIAL COMBINATION ON THE 

STRENGTH OF THE TAPER CONNECTION



TAPER CONNECTIONS

𝐹!"#$%"&' = 𝐹"()$*% #
𝜇 cos 0.5𝛼 − sin(0.5𝛼)
𝜇 cos 0.5𝛼 + sin(0.5𝛼)

H. Fessler et al, Journal of Engineering in Medicine, 203, 1989, p. 1



• “We found static coefficients of friction of
0.19 for the 12/14 stem-adaptor couples.”

• T. Bitter et al, JoBE, 138, 2016, 

EXPERIMENTAL MEASUREMENT OF THE 
COEFFICIENT OF FRICTION AT THE Ti-Ti 

TAPER CONNECTION



TAPER CONNECTIONS
• Taper angle: 5° 42’ 38’’
• Impaction force: 5’000 N – 100%
• Dry taper è coefficient of friction 0.2

Fixation force:  3’004 N – 60.1%
• Wet taper è coefficient of friction 0.1

Fixation force:  1’672 N – 33.4%
• H. Fessler et al, Journal of Engineering in Medicine, 

203, 1989, p. 1



FIMPACT  -  5’000 N
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TAPER CONNECTIONS

𝐹!"#$%"&' = 𝐹"()$*% #
𝜇 cos 0.5𝛼 − sin(0.5𝛼)
𝜇 cos 0.5𝛼 + sin(0.5𝛼)

H. Fessler et al, Journal of Engineering in Medicine, 203, 1989, p. 1



TAPER CONNECTIONS

A.R. MacLeod et al, BJR, 5, 2016, p. 338



TAPER CONNECTIONS

A.R. MacLeod et al, BJR, 5, 2016, p. 338



TAPER CONNECTIONS

= 𝐹"()$*% #
𝜇 cos 0.5𝛼 − sin	(0.5𝛼)
𝜇 cos 0.5𝛼 + sin	(0.5𝛼)

#
𝐸+𝑟!
2𝑟+,

# 1 −
𝑟+,

𝑟!,

#
𝑟!
𝐸+

𝑟+, + 𝑟!,

𝑟+, − 𝑟!,
+ 𝜗+ +

𝑟!
𝐸%

1 − 𝜗%

𝐹!"#$%"&'

A.R. MacLeod et al, BJR, 5, 2016, p. 338

Fessler’s formula



FIMPACT  -  5’000 N
Taper Head 

Diameter
Coefficient
of Friction

Ffixation Ffixation / Fimpact

12/14 short 28 mm 0.20 3’855 N 77.1%

12/14 long 28 mm 0.20 3’855 N 77.1%

12/14 short 36 mm 0.20 3’986 N 79.7%

12/14 long 36 mm 0.20 3’986 N 79.7%



FIMPACT  -  5’000 N
Taper Head 

Diameter
Coefficient
of Friction

Ffixation Ffixation / Fimpact

12/14 short 28 mm 0.20 3’855 N 77.1%

12/14 long 28 mm 0.20 3’855 N 77.1%

12/14 short 36 mm 0.20 3’986 N 79.7%

12/14 long 36 mm 0.20 3’986 N 79.7%

12/14 36 mm 0.05 8 N 0.2%

12/14 36 mm 0.10 2’219 N 44.4%

12/14 36 mm 0.15 3’324 N 66.5%



FIMPACT  -  5’000 N
Taper Head 

Diameter
Coefficient
of Friction

Ffixation Ffixation / Fimpact

12/14 short 28 mm 0.20 3’855 N 77.1%

12/14 long 28 mm 0.20 3’855 N 77.1%

12/14 short 36 mm 0.20 3’986 N 79.7%

12/14 long 36 mm 0.20 3’986 N 79.7%

12/14 36 mm 0.05 8 N 0.2%

12/14 36 mm 0.10 2’219 N 44.4%

12/14 36 mm 0.15 3’324 N 66.5%

10/12 36 mm 0.20 4’035 N 80.7%

14/16 36 mm 0.20 3’930 N 78.6%



• “Intraoperative interface contamination of modular head-
stem taper junctions of hip implants can lead to poor 
fixation strength, causing fretting and crevice corrosion or 
even stem taper fracture. Careful cleaning before 
assembly should help to reduce these problems.”

• A. Krull et al, JoA, 32, 2017, p. 3200

THE INFLUENCE OF CONTAMINATION AND 
CLEANING ON THE STRENGTH OF MODULAR 

HEAD TAPER FIXATION IN THA



• “Metal or ceramic heads were impacted onto
titanium alloy stem tapers with cleaned or
contaminated (fat or saline solution) interfaces.
The same procedure was performed after
cleaning and drying the contaminated interfaces.”

• A. Krull et al, JoA, 32, 2017, p. 3200

THE INFLUENCE OF CONTAMINATION AND 
CLEANING ON THE STRENGTH OF MODULAR 

HEAD TAPER FIXATION IN THA



A. Krull et al, JoA, 32, 2017, p. 3200



• “Cleaning of the stem taper with saline solution and drying 
with gauze directly before assembly allows the taper 
strength of the pristine components to be achieved. Not 
drying the taper results in a large variation in pull-off 
forces, emphasizing that drying is essential for sufficient 
and reproducible fixation strength.”

• A. Krull et al, JoA, 32, 2017, p. 3200

THE INFLUENCE OF CONTAMINATION AND 
CLEANING ON THE STRENGTH OF MODULAR 

HEAD TAPER FIXATION IN THA
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Fixation
Positioning
Taper connection
…



SURGEONS



DRIVERS



MIS TECHNIQUE  -  2-INCISION

Stem

Cup



MIS TECHNIQUE
2-INCISION



MIS TECHNIQUE  -  2-INCISION



SURGEONS
• Surgeons may have a bad day

Courtesy of
Prof. E. Gauthier



SURGEONS
• Surgeons may

have a bad day

Courtesy of
Prof. E. Gauthier



SURGEONS
• Surgeons may have a bad day

Courtesy of
Prof. E. Gauthier











Surgeon

Good Average Bad

Im
pl
an
t

Good 0.156% 0.258% 0.348%

Average 0.257% 0.332% 0.571%

Bad 0.277% 0.576% 0.835%

INCREASE OF THE ANNUAL
CUMULATIVE REVISION RATE



Surgeon

Good Average Bad

Im
pl
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t

Good 0.156% 0.258% 0.348%

Average 0.257% 0.332% 0.571%

Bad 0.277% 0.576% 0.835%

INCREASE OF THE ANNUAL
CUMULATIVE REVISION RATE

Weighted average: 0.365%



Surgeon

Good Average Bad

Im
pl
an
t

Good 0.156%
-57.3%

0.258%
-29.4%

0.348%
-4.8%

Average 0.257%
-29.7%

0.332%
-9.1%

0.571%
56.3%

Bad 0.277%
-24.4%

0.576%
57.6%

0.835%
128.5%

INCREASE OF THE ANNUAL
CUMULATIVE REVISION RATE

Weighted average: 0.365%





Fixation
Positioning
Taper connection
…

?



PATIENT ACTIVITY
• As the mean age of the patients is steadily 

decreasing, the mean activity of the patients is 
increasing.



• “The patients averaged 4,988 steps per day, which 
extrapolates to approximately 1.8 million cycles per year.
Average activity ranged widely from 395 to 17,718 steps 
per day, an approximately forty-five-fold difference.”

• T. Schmalzried et al, JBJS, 80A, 1998, p. 54

QUANTITATIVE ASSESSMENT OF WALKING 
ACTIVITY AFTER TOTAL HIP OR KNEE 

REPLACEMENT
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• “The material loss rates are patient-
dependent and can be up to two 
orders of magnitude higher than the 
static corrosion rates, indicating that 
the nature of the patient can 
critically affect the degradation rate 
of the joint implant.





• “Among patients with a primary MoM THA, allelic variation 
within the HLA Class II loci may be a strong, independent 
risk factor associated with the need for subsequent 
revision surgery secondary to  pseudotumour formation.”

• B.K.J. Kilb et al, CORR, 476, 2018, p. 230

IDENTIFICATION OF THE AT-RISK GENOTYPE 
FOR DEVELOPMENT OF PSEUDOTUMOURS 

AROUND MoM THAs



COLLABORATION



COLLABORATION
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CONCLUSIONS
• Total hip prostheses is a standard operation than more 

than 1’500’000 operations per year
• Excellent clinical results / Operation of the century
• A good tribology is mandatory to assure good clinical 

results
• The in-vivo simulation is a real challenge:

– Tribology tests allow only to exclude inappropriate solutions
– Analytic approach may help



CONCLUSIONS
• Surgeon are the key players in the triangle

Implant -  Surgeon - Patient
• Patients are more and more demanding
• The understanding of the patient’s biology will be an 

important area of research in the near future
• It’s a real privilege to be active in this field for more than 

35 years



THANK YOU




