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Abstract-Wear has been considered as a major issue for ball and
socket artificial discs. This paper studies the effects of ball radius
and radial clearance of the artificial disc on the von Mises
stresses. Different material combinations, used in artificial discs,
are compared. FEA simulation using Solidworks has been
conducted for different disk geometries. The highest von Mises
stress was 714MPa for 10mm radius metal against metal design.
The lowest von Mises stress was 14.8MPa for 16mm radius of the
UHMWPE/CoCr material combination, which exhibited the
lowest von Mises stresses for all the radii of the ball and socket
articulation. Considering radial clearance, the lowest von Mises
stress was 148MPa for 0.015Smm clearance of the
UHMWPE/CoCr combination. The highest von Mises stress of
100.8MPa with a radial clearance of 0.25mm was recorded for
the same combination. There is a strong relation between the von
Mises stress and the geometry of the ball and socket of the
artificial disc.
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1. INTRODUCTION

Intervertebral discs are majorly responsible for back
motions [1]. There are 24 discs in the spine which have the
same shape but different sizes [2]. Intervertebral discs lose their
mechanical ability of holding compression loads and giving the
required motion without causing pain when they get
degenerated [3]. Artificial discs have been introduced to relieve
disc pain and to restore the required mechanical motion [4].
Ball and socket articulation idea came from artificial hips and
has been widely used to design artificial discs [5]. One of the
major problems articulation joints face is the wear particles
resulting from the friction between the ball and socket artificial
joints [6-8]. These wear particles migrate to the surrounding
tissues causing inflammation response and toxicity [9].
Researchers have been trying to use different material
combinations such as metal against metal, metal against
polymers and ceramic against ceramic to solve this problem
[10]. Others tried to understand the link between the geometry
of the ball and socket and the lubrication regime [11-15]. One
of the main effects of increasing the radius of the ball is that it
is increasing the range of motion for the implant for flexion,
extension and lateral bending. In addition, the force facing the
facet joint was lower with the larger radius of the ball for all
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motions [16]. Other studies showed that increasing the radius
of the ball has a direct effect on the lubricant film thickness
enhancing the lubrication regime of the implant [17]. It has
been noticed that the film thickness decreases with increasing
radial clearance of the ball and socket artificial joint [15, 17].
Choosing the right geometry of the ball and socket could
improve the artificial joints lubrication regime and reduce the
wear and friction generated from the articulation between them
[18]. There is a direct relationship between the wear and the
contact stress. It was found that the wear increases with higher
contact stress [19]. There is a direct relationship between the
von Mises and contact stresses as the contact stress increases
when the von Mises stress increases [20]. Maximum distortion
energy was obtained by studying the strain energy that
develops at a material point [21].

In this study, different geometries with different materials
and the stresses these designs face are studied with the use of
simulation software. BS ISO 21534:2009 [22] suggests that
different material combinations could be used in joint
replacement. The aim of this study is to compare the different
geometrical designs of the ball and socket artificial discs on
von Mises stresses and to study the effect of the different
material combinations on the stresses these geometrical designs
face.

II.  METHODOLOGY AND MATERIALS

A. Methods

Different artificial disc geometrical designs have been
simulated using Solidworks (Dassault Systémes SolidWorks
Corp., Massachusetts, USA). The focus of changing the
geometry was to use different radii for the balls and sockets.
Seven radii for the ball and socket were chosen with radial
clearance of 0.015mm. This radial clearance has been chosen
after comparing different radial clearances with SolidWorks
simulation tool. Some of these ball and socket radii were
similar to the design geometries used in the market. Each
design consisted of a socket and a ball. The ball part was
designed with different radii, such as 10, 11, 12, 13, 14, 15 and
16mm. Different ball radii in the 5-20mm range have been
simulated in [23]. The socket part was designed with the same
geometry of the ball but adding to each radius a radial
clearance of 0.15mm. A static solid model using Solidworks
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with tetrahedral solid elements was used to simulate the finite
element analysis of the models with different geometries. The
total number of nodes for the different geometries varied
between 74913 and 78765. Figure 1 shows the ball part design
before assembly and simulation. An axial force of 2000N was
applied on the upper plate of the socket. It is the maximum
force that can be applied according to the standard ISO 18192-
1:2011 [24]. The ball and socket artificial disc was fixed from
the bottom plate of the ball as the loads come axially from
above [24], as shown in Figure 4. Figure 2 shows the fine mesh
of the ball and socket artificial disc with 78765 tetrahedral solid
elements used in the simulation.

Fig. 1. (a) Ball part and (b) socket part of the artificial disc. (c) The
artificial disc assembly.

Fig. 2. Mesh of the ball and socket artificial disc assembly.

B. Materials

Cobalt-28 chromium-6 molybdenum (CoCr) alloy castings
that are used in implants were used in this simulation. The
CoCr against CoCr has been used in Maverick and Kinefelx

artificial discs [25, 26]. UHMWPE was used as the socket part
of the artificial disc implant. The UHMWPE against CoCr
combination have been used in multiple artificial discs such as
Charite and Prodisc artificial discs [27, 28]. Polyether Ether
Ketone (PEEK) against PEEK combination has been used to
produce NuNec artificial discs [29, 30]. Metal against metal
materials were designed and simulated using a CoCr socket
against a CoCr ball. Other models were designed and simulated
using polymer against metal materials and UHMWPE socket
against CoCr ball. Polymer against polymer materials were
designed and simulated using PEEK socket against PEEK ball.
The materials’ mechanical properties are listed in Table L.

TABLE 1. MATERIALS MECHANICAL PROPERTIES [31-33]
Mechanical properties CoCr UHMWPE PEEK
Yield strength (Pa) 4.5x10° 2.3x10 9.3x107
Tensile strength (Pa) 2.35x10° 5.3x107 1.1x10°
Elastic modulus (Pa) 2.11x10" 7.25x10° 4x10°
Poisson's ratio (Pa) 0.31 0.46 0.36
Mass density (Kg/m3) 8900 930 1300
Shear modulus (Pa) 8.8x10"° 3.2x10° 1.425%10°

III.  RESULTS AND DISCUSSION

A. Results

The results of the FEA simulation showed that, as expected,
the ball and socket had the highest von Mises stress on the
edges of the socket (Figure 3). The highest von Mises stress
was 14.8MPa on the edges of the UHMWPE socket and the
lowest stress was 0.04MPa for the same combination. The
design with the 16mm radius of the ball and socket showed a
von Mises stress lower than the yield stress of the UHMWPE
used in the simulation of the artificial disc. The von Mises
stress gradually reduced by moving away from the edges of the
socket and increased again when reaching the lowest point of
the concave part of the socket reaching around 11MPa, as
shown in Figure 3.
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Fig. 3. The von Mises stress of the UHMWPE socket with 16.015mm
radius after FEA simulation.

Figure 4 shows the FEA simulation of the ball and socket
artificial disc assembly. The UHMWPE socket faces most of
the high stresses. The highest stresses on the ball part were
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caused by the edges of the socket in direct contact, where the
von Mises stresses were between SMPa and 10MPa.
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Fig. 4. FEA simulation of the UHMWPE socket against a CoCr ball with
16mm radius.

The von Mises stresses were different for the CoCr socket
against CoCr ball in which the socket did not face a lot of
stresses on the top edges of the socket like the UHMWPE
socket. The stresses were concentrated on the top center of the
socket and this could be due to the higher 450 MPa yield
strength of the CoCr used in this study.
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Fig. 5.
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FEA simulation of the CoCr socket against a CoCr ball with 14mm

The highest von Mises stress was 714MPa for the 10mm
radius ball and the socket metal against metal design. The
lowest von Mises stress for the same material combination but
with a larger radius of 16mm was 153.4MPa, as shown in
Figure 6. For the PEEK against PEEK combination, the highest
von Mises stress was 682MPa for the 10mm radius and the
lowest was 24MPa for the 16mm radius design. The highest
von Mises stress for the UHMWPE against CoCr combination
was 44MPa for the 10mm radius and the lowest was 14.8MPa
for the 16mm radius. It was noticed that the von Mises stress
reduced when the ball and socket radius was increased for all
material combinations. The contact stress showed nearly the
same trend as the von Mises stress. They both showed a
decrease with the increment of the ball radius (Figure 7).
Radial clearance is a factor well-known for affecting the
lubrication regime in any ball and socket artificial joint. This
study showed that the radial clearance had an effect on the von

Mises stress as well, as shown in Figure 8. It was noticed that
by increasing the radial clearance, the von Mises increased for
the 16mm socket to reach about 100MPa in the UHMWPE
against CoCr combination. The lowest von Mises stress of
14.8MPa was for a radial clearance of 0.015mm for the same
combination.
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Fig. 6. Von Mises stress of the different geometries and material
combinations.
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Fig. 8. Radial clearance effect on the von Mises stresses facing the 16mm

radius socket for the UHMWPE against CoCr combination.

B. Discussion

Ball and socket artificial disc simulations showed that the
maximum von Mises stress occurred on the edges of the
contact between the ball and socket. It is suggested by the
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results that any design for the ball and socket must be curved
on the contact edges. The blue area on the concave part of the
socket in Figures 3 and 7 was due to the 0.015mm radial
clearance applied on the design of the socket. The UHMWPE
socket showed higher von Mises stresses than the CoCr ball as
was expected due to the higher yield modulus of the CoCr
mentioned in Table 1. In this kind of articulation, it is most
likely that the wear particles will be from the UHMWPE [34].
There is a direct relationship between wear volume, contact
stress, and Von Mises stress [19, 20]. This study investigated
the way the von Mises stress is applied on artificial joints of
different material combinations and the effect of radial
clearance on the artificial joint using FEA simulation, instead
of mathematical calculations [11, 15]. These stresses are
important to be analyzed and understood in depth as they can
affect the facial joints at the treated level by increasing the
force these joints face [35, 36]. The UHMWPE against CoCr
combination had the lowest von Mises stresses for all designs.
PEEK against PEEK combination had higher von Mises
stresses than UHMWPE against CoCr. The highest von Mises
stresses occurred for the CoCr against CoCr combination,
which was expected [37]. In addition, the highest friction
coefficient for the different combinations was for CoCr against
CoCr and the lowest for UHMWPE against CoCr [38].

Larger radii of the ball and socket artificial discs showed a
lower von Mises stress for all material combinations, as shown
in Figure 5. Also, it has been shown that a larger radius of the
ball and socket artificial disc will help reduce the resulting
wear [15, 39, 40]. In this aspect, there is a sharp contrast with
the previous published theoretical results in which the wear and
friction increase with the decrease of ball radius [18, 31].

It has been noticed from Figures 3 and 7 that the highest
stresses were applied on the edges of the socket. This would
cause them to wear more than the rest of the socket. Improving
the design to make it curvier would have an impact in reducing
the von Mises stress. Maverick is one of the artificial discs
which have a design of curved edges of the socket part [25].
The radial clearance had a direct effect on the von Mises stress.
Increasing the radial clearance caused increment on the von
Mises stress, as shown in Figure 8. The benefit of the radial
clearance is that it enhances the lubrication film thickness
between the ball and socket. However, it could increase the von
Mises stress of the implant. Authors in [15] found that by
decreasing the radial clearance of the ball the fluid film
thickness will be increased and this will cause a fluid film
lubrication regime. Authors in [41] reported similar results
stating that there is a direct relation between the radial
clearance and the lubrication regime in which decreasing the
radial clearance will increase the film thickness of the
lubricant.

IV. CONCLUSION

It has been found that there is a relationship between the
von Mises stress and the ball radius of the artificial joints. The
UHMWPE against CoCr compilation had the lowest von Mises
stress values for all radii. In addition, there is a strong relation
between the radial clearance of the socket and the von Mises
stresses facing the articulation. The conclusions of this study
are:

(1

(2]

(3]

(4]

(3]

(6]

(7

(8]

(9]

[10]

[11]

[12]

[13]

Von Mises stress was the highest with 714MPa for the
10mm radius ball and socket metal against metal
combination.

The lowest von Mises stress was 14.8MPa for the 16mm
radius for the UHMWPE against CoCr combination.

There is a strong relationship between the von Mises
stresses and the radius of the ball and socket artificial discs.

The von Mises stresses increase with the increment of the
radial clearance of the socket part.

UHMWPE against CoCr combination showed the lowest
von Mises stresses for all ball radii.

CoCr against CoCr combination showed the highest von
Mises stress for all ball radii.
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