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Computational simulation analysis for torus radius
of edge contact in hip prostheses
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Stripe wear occurs when the components of hip prostheses move a sufficient distance laterally to contact the edge of the acetabular
cup, causing abnormally high contact stresses. In this research, edge loading contact of prosthetic hip is analyzed in the most commonly
used material pairs. The contact dimensions and maximal contact pressure are investigated in mutative normal edge loading with 3 dif-
ferent inclination angles (15°, 20°, 25°) and in alterable edge torus radius with edge loading of 2500 N and inclination of 20°. A compu-
tational case was conducted for a 14 mm radius alumina ceramic bearing with a radial clearance of 0.1 mm using a normal edge loading
ranged from 0 N to 3000 N. Additionally, the Hertzian theory successfully captures principal curvature trends of the edge torus on the
influence of maximal contact pressure and obtains the appropriate edge radius range for lower maximal contact pressure. This work
elucidates the methods of applying classical contact theory to design the edge radius of hip bearings to better resist severe edge loading

contact stresses and reduce the stripe wear.
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1. Introduction

The acetabular cup and femoral head of a hip
prosthesis may not always function as the ideal ball-
socket joint that they are designed to be. Hip re-
placement or resurfacing surgery may change the
structural dimensions and the tissue constraints of a
hip joint such that the ball and socket are held to-
gether more loosely than planned for design. Mean-
while, the increased physical activity and greater life
expectancy have caused evident overloading of
prosthetic joints [18]. Several studies [21], [9], [17]
suggest that the tissue response to wear particles is
the main cause of premature failures. Additionally,
revision surgery may result in traumatic conditions,
high rate of mortality and high cost. Many previous
investigations have described various abnormal be-
haviors in hip prostheses. Dislocation, with the ball

head fully departing from the socket, has been widely
reported and is the extreme example [11]. A relatively
vertical cup orientation may cause edge loading [14],
and a recent clinical study found 34% of 1884 ace-
tabular cups to be abducted above the ideal 45°
maximum [3]. Dislocation can severely scratch the
femoral head [2]. Microseparation can cause ceramic
component stripe wear [20], [22]. Thus, when exam-
ining the potential wear modes of hip prostheses, it is
vital to consider that the joint has the potential to be
damaged from adverse behaviors such as disassocia-
tion and abnormal contact [1]. In this context, reduc-
ing the amount of wear particles is essential for in-
creasing the useful lifespan of the hip prostheses.

In an ideal concentric loading, the ball and
socket are in conforming contact, meaning that their
contacting surface radii are closely matched; thus,
loads produce large contact areas and low contact
stresses [1].

* Corresponding author: Fei Li, Nanjing University of Science and Technology, 200 Xiao Ling Wei, Nanjing, 210094,
210094 Nanjing, China. Tel: +86 18260402535, e-mail: 211010001 @njust.edu.cn

Received: August 2nd, 2014
Accepted for publication: November 27th, 2014



68 F.Lietal.

On the contrary, adverse loading such as edge
loading induces high contact stress because the ball and
socket come into non-conforming contact, meaning that
the contacting surfaces have radii that differ greatly.
Under such conditions, loads generate smaller contact
areas and higher contact stresses. On the other hand,
microseparation inducing stripe wear occurs when the
femoral head translates a sufficient distance laterally to
contact the edge of the acetabular cup. The change in
contact from the conforming spherical surface to non-
conforming torus surface of an edge raises the contact
stress within the hip prosthesis. Potential solutions
to this problem lie in alternative materials and design.
Composite ceramic materials with alumina and zirconia
have been shown to resist microseparation wear to
a greater degree than pure alumina; however, design
changes have not been investigated yet [19]. The hy-
pothesis for the study was that the stress could be re-
duced thereby limiting the degree of fracture and im-
proving bearing longevity by changing the design of
the acetabular cup edge’s geometric shape.

The Hertzian contact theory has been applied in
the case of concentric ceramic-on-ceramic hip con-
tact [13]. In this research, for analyses of adverse
loading, the Hertzian theory is also applicable pro-
vided that the following assumptions are approxi-
mately satisfied: (1) the materials are homogeneous,
linear elastic and isotropic and the surfaces are per-
fectly smooth and frictionless in the case of concen-
tric contact; (2) the surfaces are non-conforming;
and (3) the contact dimensions are much smaller
than the surface radii at the contact point which is
more likely to be valid than in the case of concen-
tric contact [7], [10].

In view of these observations, the aim of this study
is to investigate the influence of acetabular cup edge
geometry on the resulting contact areas and contact
pressure that may occur during microseparation using
Hertzian contact theory. This study calculates the
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contact dimensions and contact pressure of edge-
loaded ceramic and metal hip bearings using the
Hertzian contact theory.

2. Materials and methods

2.1. Principal curvature of torus surface
and Hertzian contact analysis

We can parameterize the torus surface illustrated
by Fig. 1 by

x=(R+rcosv)cosu,
(1)

y=(R+rcosv)sinu,
z=rsinv,
where R and r are the torus’ major and minor radii as

shown in Fig. 1, respectively, and v is the angle about
the torus’ minor diameter.

Fig. 1. Torus surface and cross section [§8]

Contact between a femoral head and a cup’s edge
was modeled as a sphere-torus contact as shown in
Fig. 2. For a contact point on the torus surface, the
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Fig. 2. (a) Model of edge-loaded contact in cross section. An anterior-posterior perspective is given with the entire assembly load vector P
vertical and downward; (b) The magnification of contact torus showing in tangent point and contact point
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principal curvatures are given by [8]

k,=H-\VH?-K, k,=H+JVH*-K . (2)

Here, K is the Gaussian curvature and H is the
mean curvature according to torus parameter equa-
tions, which are
R+2rcosv

= 2r(R+rcosv) )

B cosv
r(R+rcosv)’

Equations (3) is substituted into equations (2), then
the simplification of equations (2) is as follows

CoSv

1
k11 = k12 = 4)
r

R +rcosv’

Given the acetabular cup inclination € in Fig. 2,
v is related to fas: v= r+ 6. So, equations (4) can be
simplified to

1 1
ki, =—. )

k11=—,
—RxsecO+r r

The contact dimensions and maximal contact pres-
sure were computed using Hertzian contact theory.
The dimensions of contact ellipse are related to the
contacting surfaces as [15]

(1-¢)"E(e)~K(e) _ X+A

(6)
K(e)—E(e) A
where
Y=k +ky,+ky +ky,
A= [(kll _k12)2 + (kzl _k22)2
(7

+2(kyy — ki )y — k) COS@ﬂ)]I/Z,

e=v1-b%*/d?,

here, ky; = ky, is the principal curvature of the
sphere, and £ = 0 because one contact surface is
spherical. e is named elliptic eccentricity. a and b
are the contact ellipse’s major semi-axis and minor
semi-axis, respectively. K(e), E(e) are the lst and
2nd complete elliptic integrals of relating to the argu-

/2
ment e, respectively: K(e) = jo 1/4/1—€”sin’ pdep,
/2
E(e)= J-o J1-é*sin” pdp. And because equation

(6) is a transcendental equation which is made up of
higher transcendental integral functions, e is only
calculated numerically from it.

From Hertz’s integral formulas [13], two formulas
for the contact ellipse dimensions are derived

- {6P[K(e) - E(e)]}”
e’ E* (X —-A) ’
s (8)
6PV1—-e’[E(e)—(1-e*)K(e)]
7’ E" (X +A)

b=

where the contact bodies’ Young’s moduli £, E, and
Poisson’s ratios vy, v, exist within equivalent modulus
E =[(1- vlz)/E1 +(- \/22)/E2]71 . The maximum
contact pressure is p, =3P/(2zab) [10].

2.2. Contact computation

The computation created static contact between the
femoral head and specified contact points of cup edge
as shown in Fig. 2. The relevant material properties
and physical conditions needed in the computation are
given in Table 1.

Table 1. Physical conditions of Hertz contact

Name Symbol Value
Formal head radius Ry, 14 mm
Cup inner radius R. 14.1 mm
Young’s modulus of head E, 230 GPa
(CoCr)
Young’s modulus of cup E. 300 GPa
(alumina)
Poisson’s ratio of head Vi 0.3
Poisson’s ratio of cup Ve 0.26
Normal load P 0~3000 N
Inclination angle 0 15°,20°, 25°
Torus radius 0~80000 mm
Torus axis radius R=r+R,

3. Results

Contact parameters for the cup edge designs as
functions of edge loading and edge radius are shown
graphically in Fig. 3 and Fig. 4. Figure 3 shows the
contact patch dimensions and maximal contact pres-
sure with mutative load vector P in different cup in-
clination angles (15°, 20°, 25°) from each edge radius.
The dimensional results and maximal contact pressure
with different edge radius are given in Fig. 4 when the
load P is 2500 N and the cup inclination angle is 20°.
Table 2 summarizes the results considering the entire
edge radius ranges with three different inclination
angles. Under the same conditions, the contact dimen-
sions and maximal contact pressure should increase in
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Fig. 4. The schematic diagram of contact dimensions and maximal contact pressure along with cup edge radius

Table 2. Computational contact dimensions and maximal
contact pressure, summarized over some edge radiuses
with the load P = 2500 N

7 [mm] 01°] a [mm] b [mm] Ppo [MPa]
15 2.65726 0.105263 4267.46

2 20 2.19016 0.115854 4704.28
25 1.86980 0.125272 5096.05

15 2.16355 0.212097 2601.24

10 20 1.76012 0.234374 2893.54
25 1.49259 0.253534 3154.30

15 1.62719 0.315743 2323.32

35 20 1.31722 0.347978 2604.19
25 1.12244 0.373650 2846.11

15 1.45477 0.348796 2352.42

50 20 1.18144 0.382927 2638.49
25 1.01364 0.409076 2878.67

15 0.852939 0.482459 2900.70

300 20 0.743637 0.508526 3156.36
25 0.685480 0.524027 3323.02

accuracy with increasing edge load vector P, and vice
versa in Fig. 3. The contact dimensions will decrease
while maximal contact pressure increases when increas-
ing the cup inclination angle at a certain edge load. All
edge radius designs showed decreasing contact semi-
major axis and increasing contact semi-minor axis with
increasing edge radius. However the maximal contact
pressure should decrease initially and then increase with
augmenting edge radius. Thereby the radius design pro-
duced the least maximal contact pressure (2603 MPa) at
an edge radius of 33 mm.

4. Discussion

4.1. Contact dimensions and maximal
pressure with mutative edge loading

A study has provided extensive evidence that the
accuracy of the Hertzian contact theory for pre-

dicting contact dimensions and contact pressure in
edge loading depends on the bearing materials and
the contact position [1].

That finding is valuable because it implies that
the Hertzian theory may be used to predict edge
loading contact stresses [5]. Little is currently
known about the in-vivo contact loads experienced
during subluxation; therefore, this study examined
widely varying loads and edge radiuses to reflect
the likelihood that in-vivo contact loads and radius
span a broad range, expecting reducing adverse
wear.

It was reported that alumina maintains an elastic
Hertzian response up to a mean contact pressure of
5 GPa (maximal pressure is 7.5 GPa) [6]. In the
present computation of the ®28 mm pair, the
maximum predicted mean pressure was 4.2 GPa,
with pp = 6.3 GPa (8 =20°, » =1 mm, P = 2500 N)
as shown in Fig. 4 (a2); thus, based on the prior
research, all the present contact pairs were within
the elastic range. In spite of predicted plasticity, the
contact patches were elliptical, and both a and b
followed the trends predicted by the Hertzian theory
as shown in Fig. 3. The contact dimensions increase
with increasing edge load P in each given edge
radius 7 including three cup inclination angles
as shown in Fig. 3 from (al) to (el) vertically.
In contrast, the maximal contact pressure was not
this case. It seems that maximal contact pressure
reduces initially and then ascends with increasing
edge radius, showing in Fig. 4 from (a2) to (e2)
vertically at the previous conditions. Thus, to
recognize the pressure’s variational law, it is still
further required to compute the maximal contact
pressure when the edge radius increases so as
to proclaim the variational tendency clearly. As
described below, our results exhibited trends con-
sistent with the prediction in Fig. 3 as shown in
Fig. 4.
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4.2. The appropriate edge radius
with the lowest maximal
contact pressure

As known, the contact pressure caused by edge
loading is much greater than that caused by concentric
contact. For example, with the ®36 mm Al,O; pair
edge loaded to 1000 N (8 = 16.1°, » = 4 mm), P« is
1950 MPa, but for concentric contact, it is only
45 MPa [1]. Similar dramatic differences were re-
ported in an FEA of microseparation [13]. Research-
ers reported contact pressures of 4100 MPa for head-
liner contact in FEA of edge-loaded hard bearings [4].
In Fig. 4 (al), the contact dimensions (semi-axis a and
b) have the same trends as illustrated in Fig. 3 that is
the decreasing and increasing of semi-axis @ and b
respectively with the ascending edge radius at a fixed
load of 2500 N. However, in Fig. 4 (a2) the maximal
contact pressure was not the case. It seems that maxi-
mal contact pressure reduces rapidly at first and then
ascends slowly with increasing edge radius continu-
ously. Interestingly, the 33 mm edge radius design
reduced the maximum contact pressure to 2603 MPa
that was just verified the lowest point of that section
above comparing with other edge radiuses. The cup
edge with a radius of 33 mm is very effective in re-
ducing the contact stress. As the predicted maximum
contact pressure dropped considerably and to a mag-
nitude below the maximal strength 7.5 GPa of the
alumina mentioned above, this would support a lower
steady-state wear rate as observed in in vitro studies
[23]. Additionally, the appropriate edge radius is 33
mm with the minimal maximum contact pressure for
the ®36 mm CoC pair in this research, helping to
reduce scratching stripe wear.

The present study’s computational results and ana-
lytical methods may serve to experimentally validate
such analyses. The authors would like to raise concern
that introducing an appropriate edge radius, while re-
ducing the stress, may affect the biomechanics during
microseparation and result in a greater degree of trans-
lation [12]. Future studies will address dynamic analy-
sis of contact pair impacts and further tangent point of
torus surface studies investigating edge radius position
designs with different cup inclination angles.

5. Conclusions

Elucidating Hertzian contact computational method
of edge contacts is always difficult due to the com-

plicated nature of the contact. The results of this
study suggest that edge loading of alumina hips in-
creases the maximum contact pressure in the ace-
tabular cup to a level where it may exceed the flex-
ural strength of the ceramic material. Once the
appropriate edge radius with the lowest maximum
contact pressure had been chosen for a certain pair
in this research, the acetabular cup was predicted to
reduce the maximal contact pressure dramatically.
The results help to improve the design of edge radius
in vitro studies.
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