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Abstract— The key joint of the forefoot during gait is the first metatarsophalangeal joint.  It is subject to high loads and plays an important role in propelling the human form.  Unfortunately the first metatarsophalangeal joint can be subject to a number of diseases, such as rheumatoid arthritis, hallux rigidus and hallux valgus, all of which can lead to replacement of the natural joint with a prosthesis.  Most commonly, a silicone spacer might be implanted but other designs are available which more closely try to match the natural joint by employing a two-piece ball and socket arrangement.  Such designs are available with a range of biomaterial couples including ceramic-on-ceramic, metal-on-metal and metal-on-polymer.  Calculation of predicted lubrication regimes applicable to these implant designs was undertaken.  Modeling the ball and socket implant as an equivalent ball-on-plane model and employing elastohydrodynamic theory allowed the minimum film thickness to be calculated and in turn the lambda ratio to indicate the lubrication regime.  Boundary lubrication is indicated for lambda less than 1, mixed lubrication for lambda between 1 and 3, and fluid film lubrication for lambda greater than 3.  The calculations were undertaken for a 50 to 1500N range of loading values, a 0 to 30mm/s range of entraining velocities, and a 3 to 15mm radius ranger of sizes.  Calculations showed that, for the range of loads, sizes and entraining velocities considered, the ceramic-on-ceramic and metal-on-metal implants could operate under fluid film lubrication, whereas the metal-on-polymer combination operated in the boundary lubrication regime.  It was also recognized that manufacturing capabilities are critical to the radial clearances and values of surface roughness that can be achieved, and thus the predicted lubrication regime.  Inevitably, a range of factors need to be considered when designing or choosing an implant for the first metatarsophalangeal joint.  
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INTRODUCTION 

Currently, there is a debate in the orthopedic literature regarding the potential long-term success of metal-on-metal (MoM) resurfacing hip prostheses [1-3].  These implants tend to employ relatively large articulating diameters of the order of 55mm and use cobalt chrome femoral heads rubbing against a matched cobalt chrome acetabular cup.  This arrangement is in contrast to a ‘conventional’ Charnley hip prosthesis which would have a stainless steel femoral head of 22.225mm diameter which articulates inside an ultra high molecular weight polyethylene (UHMWPE) acetabular cup.  While the short term (to 5 years) results of the MoM resurfacing hip prostheses have been excellent [4, 5], it remains to be seen if they will match the long term success of the Charnley and similar designs [6, 7].  
One of the theoretical advantages of the MoM resurfacing hip prostheses is that, due to their relatively large diameter and materials employed, they can operate with fluid film lubrication [8].  During fluid film lubrication, the articulating surfaces are separated by a film of fluid, so that wear and friction should be minimized.  This prediction is in contrast to that for the Charnley and similar hip prostheses which are forecast to operate in the boundary lubrication regime.  Here, surface interaction is expected with the potential of wear and increased friction.  

Equally it has been shown through in vitro experiments that ceramic-on-ceramic (CoC) designs of total hip replacement can also operate in the full fluid film mode.  Although of a smaller diameter (typically 28mm) than resurfacing designs, such lubrication is achieved as an excellent surface finish on the articulating surfaces can be obtained alongside a small radial clearance.  
The first metatarsophalangeal (MTP) joint is the key joint of the forefoot during gait.  It is subject to high loads and plays an important role in propelling the human form.  Unfortunately the first MTP joint can be subject to a number of diseases, such as rheumatoid arthritis, hallux rigidus and hallux valgus, all of which can lead to replacement of the natural joint with a prosthesis.  
Historically, such prostheses have tended to be single-piece double-stem designs manufactured from silicone.  The most common is the Swanson implant which can give good results [9, 10].  However, concerns exist over such silicone implants due to their design [11] and possible material problems due to silicone synovitis [12, 13].  

Due to such concerns, and in an attempt to apply positive experience from larger total replacement joints, a number of two-piece articulating designs for the first MTP joint have been proposed.  These designs include those with spherical bearing surfaces in a ball and socket arrangement.  These designs have used a range of biomaterial couples including CoC, MoM and metal-on-polymer (MoP) [14].  With such articulating joints, wear of the bearing surfaces becomes critical, as it is widely recognized from experience with artificial hip joints that prosthetic wear debris can provoke osteolysis and the eventual failure of the replacement joint [15].  
The aim of this paper was to compare the predicted lubrication regimes in the application of a first MTP prosthesis for these various biomaterial couples.  

In terms of specific MTP implants, a CoC prosthesis is currently produced by Moje [16].  It employs zirconia as its material and has given acceptable short-term clinical results [17] although a catastrophic failure has also recently been described [18].  A MoM design of MTP implant, manufactured from cobalt chrome, has been implanted but clinical results were disappointing [19].  Metal-on-polymer designs include the Kenetik Great Toe Implant and the Bio-Action [20].  Both of these implants articulate a cobalt chrome metatarsal component against an UHMWPE phalangeal component.  
I. MAteRIALS AND METHODS
Modeling the ball and socket implant as an equivalent ball-on-plane model and employing elastohydrodynamic theory [21] allowed the minimum effective film thickness (hmin) to be calculated from:
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(1)
Where 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).  In turn, given that Ra is the surface roughness and assigning subscript 1 to the ball (metatarsal component) and subscript 2 to the socket (phalangeal component) of the MTP prosthesis under consideration, then the lambda ratios were calculated from:
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(2)
This allowed the lubrication regime to be identified, as λ<1 indicates boundary lubrication, λ>3 designates fluid film lubrication, and between these values mixed lubrication is indicated [22].  

Before these calculations could be undertaken, the equivalent radius (Rx) was calculated from: 
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(3)
Where R refers to the radius of the component and subscript 1 refers to the ball and subscript 2 to the socket of the MTP prosthesis.  The equivalent modulus of elasticity was determined from the equation: 


[image: image4.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

+

-

=

2

2

2

1

2

1

*

1

1

5

.

0

1

E

E

E

n

n



(4)
Again, E refers to the Young’s modulus of the component and again subscript 1 refers to the ball and subscript 2 to the socket of the MTP prosthesis, similarly for the two Poisson’s ratios (ν).  

Clearly, the natural first MTP joint will encounter a range of loads during a lifetime and similarly the joint will move at a range of speeds.  In terms of loading, values in the range of 0.8-1 x body weight have been suggested by researchers [23, 24].  For a person of 70kg this would equate to a load across the first MTP joint of some 590N [23].  Additionally it has been shown that the loading across the first MTP joint can doubled by the wearing of high heels [25].  Therefore a 50 to 1500N range of loading was chosen for the calculations of lubrication regime.  
If an ‘average’ speed during gait of 1Hz is taken, for a ‘typical’ first MTP joint of 13mm radius (r) [23] moving through an arc of 32° during gait [26] then an average entraining velocity of 14mm/s can be calculated from: 
u = rω/2 

(5)

Where ω is the angular velocity [8].  This value of 14mm/s was taken as a constant when the different load calculations were undertaken.  Again allowing for higher frequencies and larger sizes of joints gave an estimated upper limit of 30mm/s for this series of calculations involving entraining velocity.  The minimum speed was taken as zero and was incremented in 5mm/s steps.  A constant load of 590N was assumed when the different entraining velocity calculations were undertaken.  
A third set of calculations were undertaken where the radius of the prosthesis was varied between 3mm and 15mm.  These values were based upon the fact that the Moje prosthesis comes in a range of sizes from 5mm to 10mm radius of the head of the metatarsal component [16].  The Moje sizes were extended so that all possible sizes of first MTP prosthesis could be considered.  
Radial clearances were taken to be 30μm for the MOM [27] and CoC [28] combinations and 50μm for the MoP combination [29].  

Roughness values for the zirconia were taken as 3nm for the ball and 6nm for the socket [30, 31].  For cobalt chrome they were taken as 3nm and 10nm respectively [27] while the UHMWPE cup was taken to have a roughness of 1.29μm [32].  A viscosity of the synovial fluid lubricant of 0.005Pa s was assumed [33].  Other relevant values such as Young’s moduli and Poisson’s ratios were taken from the literature [27, 31] and a summary is given in Table 1.  

Table 1   Material Properties and Values Used in the Analysis

	Item
	Value or range

	Load
	50-1500N

	Entraining velocity
	0-30mm/s

	Viscosity of lubricant
	0.005Pa s

	Radial clearance – CoC and MoM
	0.030mm

	Radial clearance – MoP
	0.050mm

	Young’s modulus cobalt chrome
	210GPa

	Poisson’s ratio cobalt chrome
	0.3

	Young’s modulus zirconia
	198GPa

	Poisson’s ratio zirconia
	0.29

	Young’s modulus UHMWPE
	1GPa

	Poisson’s ratio UHMWPE
	0.4


II. RESulTS

By varying the entraining velocity from 0 to 30mm/s, the resultant changes in lambda ratio are given in figure 1.  As can be seen, under the chosen test conditions, for most of these velocities a CoC implant would operate in the fluid film lubrication mode (λ>3).  A MoM implant would function in the fluid film lubrication regime above approximately 12mm/s entraining velocity, while a MoP implant would operate in the boundary lubrication regime (λ<1).  
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Fig. 1 Variation of lambda ratio with entraining velocity

When the prosthesis radius was varied between 3mm and 15mm the greatest values of lambda ratio were seen with CoC, followed by MoM and finally MoP, as shown by figure 2.  
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Fig 2: Variation of lambda ratio with prosthesis radius 

Figure 3 offers the lubrication regime results when the various load calculations were undertaken.  Again, the order from enhanced lubrication to more difficult operating conditions is CoC, MoM and MoP.  
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Fig. 3 Variation of lambda ratio with load

III. DISSCUSSION

Ceramics provide a hard, scratch resistant surface which is likely to retain its low roughness values during operation.  However catastrophic in vivo fracture of a CoC first MTP prosthesis has recently been reported [18].  The MoM combination often achieved fluid film lubrication (λ>3) but this situation is reliant on maintaining excellent values of surface finish.  
It has been shown that the MoP combination will operate in the boundary lubrication regime (λ<1).  However, it is recognized that most MoP hip prostheses operate in the boundary lubrication regime [33] and while wear does occur and is a concern, the majority of patients are provided with a functional and successful prosthesis [34].  In addition the positive results for CoC and MoM need to be set against recognition that, when the toe is not moving, the entraining velocity is zero and so surface contact will occur, with a concomitant potential for wear.  

Two key manufacturing factors that should be considered are the surface finish that can achieved and the radial clearance.  The values used in this analysis, of the order of 0.003μm Ra for the metatarsal component, 0.010μm Ra for the phalangeal component and 30μm radial clearance for MoM and CoC, were taken from the literature regarding hip prostheses of a comparable articulating diameter [27].  These implants are generally produced by manufacturers who have many years of experience and produce relatively high volumes of these products.  Such a situation may not always apply to first MTP prostheses, which may be produced in smaller numbers and to less strict tolerances.  Increasing the surface roughness and the radial clearance will have a dramatic influence on the theoretical lubrication regime.  For example, roughness values of 0.030μm for the metatarsal component, 0.063μm for the phalangeal component, and a radial clearance of 100μm were measured for an explanted MoM first MTP prosthesis [19].  When the theoretical analysis reported in this paper was repeated with these values, it was found that boundary lubrication was predicted.  Clearly this is in contrast to the theoretical achievement of full film lubrication noted in this paper, when optimum surface finishes and radial clearances were input.  Therefore the analysis reported in this paper needs to be appreciated in the light of such manufacturing concerns.  

IV. ConclUSSIONs

Lubrication theory indicates that, for the material combinations considered for application to two-piece MTP prostheses, MoM and CoC designs could operate with fluid film lubrication, while MoP designs are likely to operate in the boundary lubrication regime.  However, it should be recognized that other factors may come into play when choosing a particular implant and material combination for the first MTP joint.
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