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Abstract
Artificial finger joints lack the long-term clinical success seen with hip and knee
prostheses. In part this can be explained by the challenges of rheumatoid
arthritis, a progressive disease which attacks surrounding tissues as well as the
joint itself. Therefore the natural finger joints’ biomechanics are adversely
affected and consequently this imbalance due to subluxing forces further
challenges any prosthesis. Many different designs of finger prosthesis have
been offered over a period of greater than 50 years. Most of these designs
have failed and it is likely that many of these failures could have been identified
had the prostheses been appropriately tested prior to implantation into patients.
While finger joint simulators have been designed, arguably only those from a
single centre have been able to reproduce clinical-type failures of the finger
prostheses tested in them. This paper describes the design and development
of a finger simulator at Durham University, UK. It explains and justifies the
engineering decisions made and thus the evolution of the finger simulator. In
vitro results and their linkage to clinical type failures are outlined to help to show
the effectiveness of the simulator. Failures of finger implants in vivo continue to
occur and the need for appropriate in vitro testing of finger prostheses remains
strong.

Introduction
The development of successful artificial finger joints (prostheses) presents a
number of challenges to bioengineers, surgeons and materials scientists. A key
issue is the main disease which leads to the replacement of natural finger joints.
This is rheumatoid arthritis, a progressive and debilitating disease for which
there is no cure. Rheumatoid arthritis is the second most common form of
arthritis in the UK and the most widespread inflammatory joint disorder with a
prevalence of approximately 1%1. The finger joints are commonly affected by
rheumatoid arthritis and multiple finger joints are afflicted. A range of nonsurgical treatments are available, and many of these have shown improved
results in recent years2, 3. However, where less or ineffective, the final option is
replacement of the diseased finger joint with a prosthesis4. Rheumatoid arthritis
attacks surrounding tissues as well as the joint itself, meaning that the natural
joint’s biomechanics are adversely affected5, 6. An important concern is that
once the ligaments surrounding the natural metacarpophalangeal (MCP) joint
are stretched by the swelling caused by rheumatoid arthritis, subluxing forces
dominate resulting in characteristic deformities7. Such subluxing forces provide
a great challenge to any prosthesis implanted into a MCP joint.
The MCP joint of the hand is crucial to the effective use of the fingers and this is
the finger joint that is most commonly replaced. Data from the 2010 Norwegian

arthroplasty register shows that, between 1994 and 2010 in that country, there
were 2,615 primary MCP joint replacements compared with 64 primary proximal
interphalangeal (PIP) joint replacements8. In other words, for every PIP joint
replacement there were 40 MCP joint replacements. At the MCP joint level,
2,472 operations were assigned to rheumatoid arthritis while only 68 were set
against osteoarthritis. At the PIP joint level, the numbers were equally balanced
between the two diseases at 27 each.
The dominance of rheumatoid arthritis over osteoarthritis is in stark contrast to
the situation with hip and knee joint replacement. Another noteworthy
difference is the distinct difference in implant designs available. While hip and
knee prostheses recreate the two articulating surfaces of acetabular and femur,
and femur and tibia respectively, the majority of finger prostheses are singlepiece silicone spacer designs9. The market leader is the Swanson single-piece
silicone implant, a design which has been available for over 40 years10-14.
Other single-piece silicone designs include the NeuFlex13, 15 and the
Sutter/Avanta12, 16, 17. The dominance of these three designs is shown from the
2010 Norwegian arthroplasty register which states that, of 2,615 MCP implants,
1,820 (70%) were Swanson (Silastic HP 100), 555 (21%) were Avanta, and 198
(8%) were NeuFlex8. Based on this data, 99% of MCP prostheses were singlepiece silicone designs8. The overriding failure mode of single-piece silicone

designs fitted in the MCP joint is fracture at the junction of the distal stem and
the hinge which, from a cohort of explants, has been shown to be due to
damage from bone leading to a fatigue fracture18.
Two-piece designs of finger implant have been used and continue to be used,
albeit in relatively small numbers. Conceptually they may allow finger
biomechanics to be restored and from a theoretical point of view, under the
relatively low loads typically seen across the finger joints and in like material
combinations, could allow mixed and fluid film lubrication regimes19. Current
two-piece designs use bearing surfaces made from pyrocarbon 20-23 or employ
the recognisable bearing combination of metal rubbing against polyethylene2426.

While in many of these cases the clinical results could be described as

mixed, other finger implants have shown high failure rates27-32. Such multiple
examples of failures of contemporary finger prostheses indicate that there
remains a serious need for appropriate in vitro testing.
Historically a number of finger simulators have been developed and these have
been reviewed elsewhere33, 34. None of the simulators reviewed in those
papers, aside from those at the University of Durham, UK, have been shown to
be capable of reproducing clinical type failures of single-piece silicone finger
implants. This is thought to be because those other simulators had not
reproduced the loading conditions seen in rheumatoid MCP joints, namely the

subluxing forces, as well as a combination of light dynamic loading with a
heavier static ‘pinch’ load. Has this situation changed since those earlier
papers?
One paper has described a finger simulator capable of applying a maximum
range of motion of 105°, at a test frequency between 0.2 and 2Hz, under a
constant load of between 20 and 500N, while a lubricant heated to 37°C could
be used35. Unfortunately no tests of finger implants were reported so it is
difficult to fully assess this finger simulator35.
Endolab advertise that they can test artificial finger joints using a spinal
simulator36. The following brief description is given “EndoLab® uses a modified
spinal wear simulator for testing of finger joint implants. The motion is reduced
to one axis applying a constant axial force. A typical wear test is performed up
to 5 million cycles using three to six implants at 1 Hz test frequency”36. Testing
of a carbon fibre reinforced poly ether ether ketone (CFR-PEEK) PIP implant
has been reported in an abstract, with the testing undertaken at Endolab37.
From that abstract the following details are given. The test was conducted at
37°C over 5 million cycles in 25% bovine serum (refreshed every 0.5 million
cycles). A load of 63N was applied at a frequency of 1Hz with a
flexion/extension angle of ±40°. Wear rate was determined by mass loss from
each component. Wear rates of 0.09mg/million cycles and 0.07mg/million

cycles for the proximal and distal components were measured 37. While these
appear to be positive results, again the question needs to be asked if the ‘finger’
(spinal?) simulator has been shown to reproduce clinical type failures of artificial
finger joints which have been implanted into patients. There is no evidence that
this validation has been achieved.
A finger simulator has also been described by Gibson et al in a book chapter
outlining the development of a PIP joint prosthesis38. The authors describe a
three-station finger simulator. A metal-on-metal design of PIP joint prosthesis
was tested. Flexion-extension over a 0° to 90° range of motion at a speed of
3Hz was supplied by an electric motor, during which a load of 10-15N was
applied. A pneumatic cylinder also applied a load of 110N at a cycle speed of
1Hz, and the ratio of light to heavy loading was set at 50:1 based on that
applied in the Durham finger simulator. A load cell was fitted between the
pneumatic cylinder and the test artificial joint. The simulator was controlled by a
programmable logic controller while the position of the test prosthesis during
flexion-extension was monitored by a digital encoder. A lubricant of dilute
bovine serum was used which was warmed through a quartz lighting system to
37°C. Testing ran to 5 million cycles of flexion-extension with gravimetric
changes measured every 500,000 cycles. At the end of testing a volumetric
wear of 3.19 mm3 and 2.41 mm3 per million cycles, for the proximal and distal

components respectively, was measured. In other words a total wear rate of
5.60 mm3 per million cycles. This is a disconcertingly high wear rate. From a
cohort of metal-on-metal hip resurfacings which had been explanted after wear
related failures, it was seen that all were associated with wear rates above
3mm3/year39. Given that a hip joint of radius 20mm will have a capsule volume
of 23 times that of a finger of radius 7mm40, so a finger joint could possibly
‘cope’ with 1/23 the wear of a hip, then a maximum wear from a metal-on-metal
finger prosthesis of 0.13mm3/year can be estimated. Before testing, surface
roughness values of the articulating surfaces of the PIP prosthesis were less
than 0.03µm Ra. During and at the end of testing they increased rapidly to
between 0.7 and 1.0µm Ra. Such high values of surface roughness correspond
with the high wear volumes measured in the finger simulator. They are very
much greater than the surface roughness values measured from explanted
metal-on-metal hips where the average maximum roughness from 11
components was 0.135µm Ra41. While these results would appear to preclude
a metal-on-metal PIP artificial joint, no testing of a clinically available finger
implant was reported and therefore it is very difficult to know if the finger
simulator is capable of reproducing clinically relevant results. A summary of
these three finger simulators, compared with the Durham simulator (Joyce and
Unsworth) is given in table 1.

[Insert Table 1]
In summary, various designs of finger simulator have been offered since the
1970s. These have been reviewed and it has been argued that an effective
simulator (i.e. one that can reproduce clinical type failures) has to apply not only
flexion-extension motion, but also a heavier static ‘pinch’ load, while
reproducing the altered finger biomechanics seen in rheumatoid finger joints 33,
34.

This novel set of requirement represents a major design challenge but one

solution will now be described in detail.

Method
The finger simulator which is the basis of this paper was designed at the
University of Durham, UK. It is a dual cycle machine in that it applies relatively
light loading to a test finger prosthesis during flexion-extension motion, followed
by a period of a heavier static ‘pinch’ load. All loading is applied via artificial
‘tendons’ and the operation of the volar plate and ligamentous support around
the MCP joint is reproduced mechanically.
The Durham finger simulator has been fully described elsewhere33 but will be
described here with an emphasis on design aspects which will help interested
readers to design better joint simulators. At the heart of the simulator was a test
bath where the test prosthesis was held and subject to loading and motion
(figure 1). Design of the simulator began here, with consideration of the finger
implants which could be tested. The dimensions of the various finger
prostheses then available were determined and thus the test bath began to be
sized. The test prosthesis was held in two polymeric holders which represented
the bones of the metacarpal and proximal phalanx respectively. Nylon was
chosen as it was relatively inexpensive, easy to machine and lightweight but
with sufficient strength. In addition it has previously been used as an
orthopaedic bone substitute, with a yield stress similar to cortical bone ranging
from approximately 50–100 MPa, and hence was selected to be an appropriate

“bone substitute” material for the holders42. The end of the metacarpal ‘bone’
which did not hold the finger prosthesis was stepped down in diameter and
fitted in and against a hole at the bottom of a square-section cantilever (figure
1). At the top of the cantilever, away from any test lubricant, were positioned
two full strain gauge bridges. These allowed the load across the test prosthesis
to be measured in two directions, at 90° to each other. Strain gauges were
chosen for a combination of reasons, namely relatively low cost and high
accuracy. Above the strain gauges, the cantilever was also stepped down to a
square section stem which fitted inside a milled groove in the simulator
framework. This combination of square section stem and matching milled
groove prevented rotation of the cantilever.
[Insert Figure 1]
The phalangeal ‘bone’ which held the distal part of the test MCP prosthesis
was, like the metacarpal ‘bone’, stepped down in diameter and located within a
drilled hole in a polymeric block termed the ‘phalangeal clamp’ (figure 1). The
phalangeal clamp also included two flat-bottomed holes. Inside each of these
were placed a cylindrically shaped magnet. Each magnet formed one part of a
Hall Effect sensor which in turn served to limit the motion of the test component
to a pre-determined arc. The second part of these Hall Effect sensors sat in a
curved polymeric arc piece above the flexion-extension arc traversed by the

phalangeal clamp. As with other parts of the simulator the ‘phalangeal clamp’
offered a simple yet effective design.
The operation of the volar plate was mimicked via a simple, four-component
pivoted arm (figure 1). These four components were a stainless steel threaded
pin, a polymeric distance piece, a plain stainless steel pin and a polymeric
sleeve which fitted over the plain pin. To mimic the lack of the volar plate, as
often occurs with silicone interpositional arthroplasty, the plain stainless steel
pin and polymeric sleeve could simply be detached. As with other components,
the polymeric and stainless steel materials were chosen on the basis of their
corrosion resistance and relatively low cost. Simplicity of design was
emphasized throughout the simulator by focussing on the essentials of what the
design needed to achieve. The artificial flexor and extensor tendons were
provided by fishing line. Braided dacron of 130lb (578N) breaking strain was
found to be the best material amongst several that were tried. Testing took
place on a 316 stainless steel baseplate (figure 1). Holes were drilled in the
baseplate and resistors fitted. These then acted as heating elements for the
test lubricant. The heating circuit also employed a type K thermocouple to
monitor the lubricant temperature. The baseplate was connected to the
framework of the simulator by two stainless steel rods (figure 1), threaded at

each end beneath shoulders. Employing these rods ensured that the
baseplate, and thus the centre of rotation of the test joint was fixed.
The baseplate was circular in shape and sat within a bespoke stainless steel
container with a bespoke, clear perspex lid. Perspex was chosen as it allowed
the operation of the test components to be viewed, particularly when a
transparent lubricant such as distilled water or Ringer solution was used.
Resistors, which acted as heaters for the lubricant, were mounted in the
baseplate.
Motion and loading of the test MCP implant was provided by an electropneumatic circuit. Figure 2 shows an overview of the simulator including some
of the pneumatic components. Pneumatics were chosen as they offered a
relatively inexpensive yet controllable method of applying appropriate loading
and motion. Two 10mm diameter double-acting pneumatic cylinders (figure 2)
provided the light (10-15N) loading seen during flexion-extension. Each
cylinder also had a dedicated pressure gauge and control valve so the air
pressure, and thus the load across the test implant, could be controlled and
varied.
[Insert Figure 2]

Applying the heavier, static ‘pinch’ load to the test finger prosthesis was more
involved and required three additional double-acting pneumatic cylinders. The
first cylinder was mounted above the test bath and acted as a ‘thumb’ against
which the ‘pinch’ load would be applied (figure 2). A stainless steel rod was
connected to this cylinder and, when the pneumatic cylinder was activated, this
rod passed through a hole in the curved polymeric arc piece and into a hole in
the baseplate. Sequentially, through the control programme, the ‘phalangeal
clamp’ would be pulled against this rod. A second double-acting pneumatic
cylinder served to transfer loading between the flexor ‘tendon’ and an aluminium
‘slider plate’ upon which the flexor and extensor cylinders were mounted (figure
2). In turn this ‘slider’ plate was attached via a universal coupling (to account
for any misalignment) to a large (32mm diameter) double-acting pneumatic
cylinder which applied the necessary ‘pinch’ loading (of up to 392N). 392N was
calculated to be the maximum loading seen in a typical non-diseased MCP
joint33. In the finger simulator, ‘pinch’ load was applied through the flexor
apparatus with the extensors relaxed, as occurs in the body43. This
arrangement required a dedicated pneumatic valve which dumped air from the
extensor cylinder. By this mechanism a compressive force with large subluxing
force was applied to the test prosthesis. To do so necessitated a complex set-

up of valves and additional pneumatic cylinders, but this was required to apply
clinically relevant loading conditions.
To design out any potential problems of the ‘tendons’ stretching, leading to
gradual load reduction across the test prosthesis, a solution was achieved by
the use of pneumatics and also choosing pneumatic cylinders with a sufficiently
long stroke length. Essentially, when the tendons stretched, the rod of the
cylinder was simply pushed back by the distance the tendon stretched.
Pneumatic components were purchased from SMC Pneumatics. Part of the
reason for choosing this supplier was that the components were of a small size
compared with other suppliers. As well as having a superior aesthetic
appearance, smaller pneumatic valves had internal components with a lower
inertia. These valves were also of such a small size that they could be mounted
on the side of the simulator (figure 2). The closer the valve to its slave
pneumatic cylinder, the shorter the air-line required and the quicker the circuit
response time. Therefore the combination of low inertia valves plus shorter air
lines permitted an increase in the speed of the simulator during flexion–
extension to above 3Hz, should such a high speed be required. The simulator
framework was of aluminium in stock sizes which was anodised after
manufacture to give a consistent and professional appearance.

Control of the simulator was achieved through a dedicated computer
programme written in QuickC. This controlled the pneumatic valves in a
predetermined sequence so that the following load cycle was repeatedly
completed: 3,000 cycles of flexion-extension (from 0° flexion to 90° flexion and
back to 0° flexion); followed by 45 seconds of a ‘pinch’ load. During all of this
time values of loading across the test MCP prosthesis were output to the screen
of a computer. The two full strain gauge bridges were connected to a dedicated
analogue to digital (AD) converter and strain gauge amplifier card fitted within
the computer.
In summary, the design of the single-station finger simulator allowed for a
number of parameters to be varied including loading, motion, load cycle, size of
implant, test lubricant, and other joints of the fingers as well as the MCP joint. A
major emphasis had been on low cost solutions as limited funding was available
for the simulator. An additional basic aim had been reliability as the finger
simulator was needed to dependably run for millions of cycles. All of these
design criteria were achieved.
Test conditions employed in the finger simulator included an overall load cycle
of 3,000 cycles of flexion-extension (10-15N loading) followed by 45 seconds of
static ‘pinch’ load (106N). 106N was calculated to be the maximum arthritic
pinch load33. These test conditions have been fully described elsewhere34.

With any simulator, a link to clinical results must be made to validate the
machine. In the case of the finger simulator, testing was first undertaken on a
size 2 Swanson finger prosthesis. It fractured across the junction of the hinge
and the distal stem at just under one million cycles33. Fracture at the junction of
the hinge and the distal stem is the common mode of failure in Swanson
prostheses implanted into rheumatoid MCP joints11.
The simulator was developed during the author’s PhD44. Two subsequent postdoctoral projects were funded and this allowed an additional six finger
simulators to be manufactured to permit further in vitro testing15, 16, 24, 45. At this
point, power supplies were ‘tidied up’ in that a dedicated rather than portable
power supply was assembled alongside other electronic components into a
bespoke control unit. This also included an electronic temperature display and
a series of lights to indicate working of the various pneumatic valves. Overall
this helped to give a more permanent and professional appearance.

Discussion
The finger simulator described in this paper has reliably been used for over 170
million test cycles of flexion-extension for testing two-piece and single-piece
MCP implants (more tests have been done but for contractual reasons not all

have been reported). For single-piece silicone implants these total
approximately 61 million cycles of flexion-extension for Swanson, Sutter and
NeuFlex prostheses15, 16, 33. For two-piece implants these include approximately
82 million cycles of flexion-extension testing of the ‘Durham’, Digital Joint
Operative Arthroplasty (DJOA), and Zimmer Elogenics implants 24, 45-48.
Crucially, where comparable clinical data was available, all failure modes seen
in the finger simulator have matched those reported in vivo. For the Swanson33
and the Sutter16 MCP implants these include fracture at the junction of the distal
stem and the hinge. For the NeuFlex this failure mode is fracture across the
hinge15. For the two-piece DJOA implant it was found that the prosthesis
dislocated unless the volar plate assembly was fitted in the finger simulator45.
This matched the clinical experience where the DJOA performed adequately in
osteoarthritic joints, but poorly in rheumatoid joints49.
The finger simulator also allowed tribological tests of two-piece MCP
prostheses24, 46-48 and permitted investigations of different tribological
phenomena to be undertaken. Crucially, the finger simulators have done this
with great reliability. The only component that was changed regularly was the
artificial ‘tendons’. However this was expected as these were subject to varying
loads in a corrosive environment and had to travel around two pulley wheels
and a pivot point. Changing the tendons was very straightforward. The end of

the tendon within the test bath was held by a stainless steel split pin while the
end at the flexion-extension pneumatic cylinders was simply tied in a knot.
Recent failures in finger implants27-32, 50 show that there is still an insistent need
for appropriate in vitro testing of finger prostheses. This need was highlighted
over 10 years ago51. The finger simulator described in this paper has the
capacity to undertake such testing. In the last two years the simulators have
begun to be used again. Testing of pyrocarbon PIP joint prostheses to 5 million
cycles of flexion-extension has been undertaken52. Crucially, these in vitro
results can be compared against ex vivo pyrocarbon prostheses23. Most
recently, testing of a commercially available metal-on-polyethylene finger
prosthesis to 5 million cycles has also been completed42.
In the author’s opinion the two engineering inputs which can help to take
forward finger joint replacement at this point in time are appropriate in vitro
testing of finger prostheses and analysis of finger prostheses removed from the
hands of patients.

Conclusion
The finger simulator design described in this paper has been used for over 15
years to test multiple designs of artificial finger joints. In all those cases where

such data is available, clinical type failures have been reproduced. Details of
the finger simulator design have been shared to help industry and academia to
design better simulators. Finger prostheses, finger biomechanics and therefore
finger simulators offer quite distinct challenges compared with hip and knee
prostheses. As with other joints of the body which are less commonly replaced,
such as the wrist, the elbow and the ankle, these differences need to be
appreciated. Once appreciated, it is likely that simulators offering clinically
relevant testing can be designed. There remains a need for improved artificial
finger joints and finger simulators capable of providing clinically relevant tests
will likely be part of the route by which such improved finger implants will be
obtained.
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Figure titles
Figure 1. Test chamber of the simulator. The external lubricant container, arc
piece and Hall Effect switches have been removed for clarity. The white
metacarpal component of a two-piece finger prosthesis can be seen in the
centre of the image. Either side of the prosthesis are the artificial tendons.
Above the prosthesis is the volar plate assembly. The stainless steel pins with
their black polymeric sleeves can be seen. Behind the test prosthesis are two
stainless steel columns (one marked ‘X’) which connect the circular stainless
steel baseplate to the framework of the simulator. To the right of the image
there are two stainless steel ‘funnels’ which guide wires to the heating elements
in the baseplate. The white polymeric piece to the right of the image is a spacer
which serves to reduce the volume of lubricant required in the test chamber. In
the centre of the image is the square-section cantilever which holds the
metacarpal component. On it, covered by a protective white sealant, are the
strain gauges which facilitate load measurement. In the left foreground the
‘phalangeal clamp’ can be seen with the ends of the ‘tendons’ held by stainless
steel split pins.

Figure 2. Overview of the finger simulator. In the foreground is the test
chamber (figure 1) enclosed by a stainless steel lubricant container which is
topped with a clear Perspex cover. On the top left hand side of the cover is the
‘thumb’ pneumatic cylinder with its two green airlines. Behind the stainless
steel container the anodised aluminium framework of the simulator can be seen.
Within the framework is an aluminium slider on which are mounted the two
small (10mm diameter) pneumatic cylinders which applied the flexion and
extension motions respectively. On the left hand side of the image are the
pneumatic valves and other pneumatic circuitry.

REFERENCES
1.
Symmons D, Turner G, Webb R, et al. The prevalence of rheumatoid arthritis in the
United Kingdom: new estimates for a new century. Rheumatology. 2002; 41: 793-800.
2.
Combe B. Early rheumatoid arthritis: strategies for prevention and management. Best
Practice & Research Clinical Rheumatology. 2007; 21: 27-42.
3.
Pisetsky DS and Ward MM. Advances in the treatment of inflammatory arthritis. Best
Practice & Research Clinical Rheumatology. 2012; 26: 251-61.
4.
Rizzo M. Metacarpophalangeal Joint Arthritis. The Journal of Hand Surgery. 2011; 36:
345-53.
5.
Ash HE, Joyce TJ and Unsworth A. Biomechanics of the distal upper limb. Current
Orthopaedics. 1996; 10: 25-36.
6.
Fowler NK and Nicol AC. A biomechanical analysis of the rheumatoid index finger after
joint arthroplasty. Clinical Biomechanics. 2002; 17: 400-5.
7.
Smith RJ and Kaplan EB. Rheumatoid deformities at the metacarpophalangeal joints of
the fingers. Journal of Bone and Joint Surgery. 1967; 49-A: 31-47.
8.
Norwegian_Arthroplasty_Register. Nasjonalt Register for Leddproteser. 2010.
http://nrlweb.ihelse.net/eng/Report_2010.pdf
9.
Joyce TJ. Currently available metacarpophalangeal prostheses: their designs and
prospective considerations. Expert Review of Medical Devices. 2004; 1: 193-204.
10.
Swanson AB. Flexible implant arthroplasty for arthritic finger joints. Journal of Bone
and Joint Surgery (American Volume). 1972; 54A: 435-56.
11.
Joyce TJ and Unsworth A. A literature review of 'failures' of the Swanson finger
prosthesis in the metacarpophalangeal joint. Hand Surgery. 2002; 7: 139-46.
12.
Tagil M, Geijer M, Malcus P and Kopylov P. Correlation between range of motion and
implant fracture: a 5 year follow-up of 72 joints in 18 patients in a randomized study
comparing Swanson and Avanta/Sutter MCP silicone prosthesis. Journal of Hand Surgery
(British and European Volume). 2009; 34: 743-7.
13.
Escott BG, Ronald K, Judd MGP and Bogoch ER. NeuFlex and Swanson
Metacarpophalangeal Implants for Rheumatoid Arthritis: Prospective Randomized, Controlled
Clinical Trial. The Journal of Hand Surgery. 2010; 35: 44-51.
14.
Bales JG, Wall LB and Stern PJ. Long-Term Results of Swanson Silicone Arthroplasty for
Proximal Interphalangeal Joint Osteoarthritis. The Journal of Hand Surgery. 2014; 39: 455-61.
15.
Joyce TJ and Unsworth A. NeuFlex metacarpophalangeal prostheses tested in vitro.
Journal of Engineering in Medicine. 2005; 219: 105-10.
16.
Joyce TJ, Milner RH and Unsworth A. A comparison of ex vivo and in vitro Sutter
metacarpophalangeal prostheses. Journal of Hand Surgery. 2003; 28B: 86-91.
17.
Proubasta IR, Lamas CG, Natera L and Millan A. Silicone Proximal Interphalangeal Joint
Arthroplasty for Primary Osteoarthritis Using a Volar Approach. The Journal of Hand Surgery.
2014; 39: 1075-81.

18.
Joyce TJ. Analysis of the Mechanism of Fracture of Silicone Metacarpophalangeal
Prostheses. Journal of Hand Surgery (British and European Volume). 2009; 34: 18-24.
19.
Joyce TJ. Prediction of lubrication regimes in two-piece metacarpophalangeal
prostheses. Medical Engineering & Physics. 2007; 29: 87-92.
20.
Tägil M, Geijer M, Abramo A and Kopylov P. Ten years’ experience with a pyrocarbon
prosthesis replacing the proximal interphalangeal joint. A prospective clinical and radiographic
follow-up. Journal of Hand Surgery (European Volume). 2014; 39: 587-95.
21.
Simpson-White RW and Chojnowski AJ. Pyrocarbon metacarpophalangeal joint
replacement in primary osteoarthritis. Journal of Hand Surgery (European Volume). 2014; 39:
575-81.
22.
Reissner L, Schindele S, Hensler S, Marks M and Herren DB. Ten year follow-up of
pyrocarbon implants for proximal interphalangeal joint replacement. Journal of Hand Surgery
(European Volume). 2014; 39: 582-6.
23.
Bone MC, Giddins G and Joyce TJ. An analysis of explanted pyrolytic carbon prostheses.
Journal of Hand Surgery (European Volume). 2014; 39: 666-7.
24.
Joyce TJ, Rieker C and Unsworth A. Comparative in vitro wear testing of PEEK and
UHMWPE capped metacarpophalangeal prostheses. Bio-Medical Materials and Engineering.
2006; 16: 1-10.
25.
Jennings CD and Livingstone DP. Surface Replacement Arthroplasty of the Proximal
Interphalangeal Joint Using the PIP-SRA Implant: Results, Complications, and Revisions. The
Journal of Hand Surgery. 2008; 33: 1565.e1-.e11.
26.
Daecke W, Kaszap B, Martini AK, Hagena FW, Rieck B and Jung M. A Prospective,
Randomized Comparison of 3 Types of Proximal Interphalangeal Joint Arthroplasty. The Journal
of Hand Surgery. 2012; 37: 1770-9.e3.
27.
Radmer S, Andresen R and Sparmann M. Poor experience with a hinged
endoprosthesis (WEKO) for the metacarpophalangeal joints. Acta Orthopaedica Scandinavica.
2003; 74: 586-90.
28.
Hobby JL, Edwards S, Field J and Giddins G. A report on the early failure of the LPM
proximal interphalangeal joint replacement. Journal of Hand Surgery (European Volume). 2008;
33: 526-7.
29.
Middleton A, Lakshmipathy R and Irwin LR. Failures of the RM finger prosthesis joint
replacement system. Journal of Hand Surgery (European Volume). 2011; 36: 599-604.
30.
Hernandez-Cortes P, Pajares-Lopez M, Robles-Molina MJ, Gomez-Sanchez R, ToledoRomero MA and De Torres-Urrea J. Two-year outcomes of Elektra prosthesis for
trapeziometacarpal osteoarthritis: a longitudinal cohort study. Journal of Hand Surgery
(European Volume). 2012; 37: 130-7.
31.
Kaszap B, Daecke W and Jung M. High frequency failure of the Moje thumb
carpometacarpal joint arthroplasty. Journal of Hand Surgery (European Volume). 2012; 37:
610-6.

32.
Maru M, Jettoo P, Tourret L, Jones M and Irwin L. Thumb carpometacarpal
osteoarthritis: trapeziectomy versus pyrocarbon interposition implant (Pi2) arthroplasty.
Journal of Hand Surgery (European Volume). 2012; 37: 617-20.
33.
Joyce TJ and Unsworth A. The design of a finger wear simulator and preliminary
results. Journal of Engineering in Medicine. 2000; 214: 519-26.
34.
Joyce TJ and Unsworth A. A test procedure for artificial finger joints. Journal of
Engineering in Medicine. 2002; 216: 105-10.
35.
Schwarz ML, Bouman HW, Bayer M and Feinle P. Design and Construction of a
simulator for testing finger joint replacements. Biomed Tech (Berl). 2001; 46: 176-80.
36.
Endolab. Finger joint wear test. 2015. http://www.endolab.org/implanttesting.asp?cat1=5&id=93&topic=Finger
37.
Brady M, Sinz I, Kinbrum A and Briscoe A. Wear performance and particle analysis of a
CFR-PEEK self-mating proxmal interphalangeal finger joint. Journal of Bone & Joint Surgery,
British Volume. 2012; 94-B: 430.
38.
Gibson I, Chow SP, Lam KW, et al. The Development of an Artificial Finger Joint. In:
Bártolo PJ and Bidanda B, (eds.). Bio-Materials and Prototyping Applications in Medicine.
Springer, 2008, p. 157-90.
39.
Lord JK, Langton DJ, Nargol AVF and Joyce TJ. Volumetric wear assessment of failed
metal-on-metal hip resurfacing prostheses. Wear. 2011; 272: 79-87.
40.
Joyce TJ, Ash HE and Unsworth A. The wear of cross-linked polyethylene against itself.
Journal of Engineering in Medicine. 1996; 210: 11-6.
41.
Joyce TJ, Langton DJ, Jameson SS and Nargol AVF. Tribological analysis of failed
resurfacing hip prostheses and comparison with clinical data. Proceedings of the Institution of
Mechanical Engineers, Part J: Journal of Engineering Tribology. 2009; 223: 317-23.
42.
Naylor A, Talwalkar S, Trail I and Joyce T. In Vitro Wear Testing of a CoCr-UHMWPE
Finger Prosthesis with Hydroxyapatite Coated CoCr Stems. Lubricants. 2015; 3: 244-55.
43.
Weightman B and Amis AA. Finger joint force predictions related to design of joint
replacements. Journal of Biomedical Engineering. 1982; 4: 197-205.
44.
Joyce TJ. The development of an endoprosthesis for the metacarpophalangeal joint.
School of Engineering. PhD thesis: Durham, 1997. http://etheses.dur.ac.uk/4731/
45.
Joyce T. Wear testing of a DJOA finger prosthesis in vitro. Journal of Materials Science:
Materials in Medicine. 2010; 21: 2337-43.
46.
Joyce TJ and Unsworth A. The wear of artificial finger joints using different lubricants in
a new finger wear simulator. Wear. 2001; 250: 199-205.
47.
Joyce TJ and Unsworth A. Wear studies of all UHMWPE couples under various biotribological conditions. Journal of Applied Biomaterials and Biomechanics. 2004; 2: 29-34.
48.
Joyce TJ and Unsworth A. The influence of bovine serum lubricant on the wear of
cross-linked polyethylene finger prostheses. Journal of Applied Biomaterials and Biomechanics.
2004; 2: 136-42.

49.
Rittmeister M, Porsch M, Starker M and Kerschbaumer F. Metacarpophalangeal joint
arthroplasty in rheumatoid arthritis: results of Swanson implants and digital joint operative
arthroplasty. Archives of Orthopaedic and Trauma Surgery. 1999; 119: 190-4.
50.
Bone MC, Cunningham JL, Lord J, Giddins G, Field J and Joyce TJ. Analysis of failed Van
Straten LPM proximal interphalangeal prostheses. Journal of Hand Surgery (European Volume).
2013; 38: 313-20.
51.
Joyce TJ. Personal View. Snapping the fingers. Journal of Hand Surgery. 2003; 26B:
566-7.
52.
Naylor A, Bone MC, Unsworth A, Talwalkar SC, Trail IA and Joyce TJ. In vitro wear
testing of the PyroCarbon proximal interphalangeal joint replacement: Five million cycles of
flexion and extension. Proceedings of the Institution of Mechanical Engineers, Part H: Journal
of Engineering in Medicine. 2015; 229: 362-8.

