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 A B S T R A C T 

Statistical data show that over 90% hip implants have the acetabular cup 
made of ultra-high molecular weight polyethylene (UHMWPE), while 
the femoral head is made of stainless steel, CoCrMo alloy, titanium and 
ceramics. The values of Young’s modulus for stainless steel, CoCrMo alloy 
and titanium differ from that for UHMWPE by 100–200 times, while Young’s 
modulus of ceramics differs from the Young’s modulus value of UHMWPE by 
up to 400 times. Young’s modulus of UHMWPE can also differ by up to 3 
times, which considerably affects contact parameters. Therefore, the 
problem of assessing the impact of the elastic characteristics of UHMVE on 
the contact pressure in the prostheses of the hip joint is relevant. 

A new calculation method is used to determine the effect of Young’s 
modulus and Poisson’s ratio (UHMWPE) on maximum contact pressures in 
a hip implant. This study undertakes an analysis of the relationship 
between elastic properties of UHMWPE and contact pressures, considering 
a Grade2 TDN (thermo-diffusion nitrided titanium) femoral head diameter 
and radial clearance. Quantitative and qualitative relationships are 
established between contact pressures and Young’s modulus and Poisson’s 
ratio for the UHMWPE acetabular cup. The proposed calculation method 
can be used at the stage of hip implant selection to estimate contact 
pressures depending on the implant load (patient’s weight and muscular 
force) and geometry (femoral head diameter and radial clearance in the 
implant). Contact pressures also have a significant impact on the wear 
rate of an UHMWPE acetabular cup, as well as on hip implant service life.  
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1. INTRODUCTION 
 

Statistic show that in over 90% hip implants the 
acetabular cup is made of ultra-high molecular 
weight polyethylene (UHMWPE) [1,2]. On the 
other hand, the femoral head is made of stainless 

steel, CoCrMo alloy, titanium and alumina 
ceramics, these materials having considerably 
higher values of Young’s modulus than 
UHMWPE. According to the literature, the 
difference between their Young’s modulus 
values can be as high as 100-200 times, and for 
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aluminum – as high as 400 times. As far as 
Poisson’s ratio is concerned, the difference is 
relatively small and does not exceed 1.5 times. 
 
Few studies have focused on the relationship 
between Young’s modulus of UHMWPE and 
maximum contact pressures. This problem was 
partly investigated with respect to contact 
pressures and contact area in [3] and [9] by 
Finite Element Method (FEM) and experimental 
tests. In addition, the scientific literature lacks 
comprehensive studies investigating the effect of 

Young’s modulus 1E  and Poisson’s ratio 1ν  on 

contact parameters, i.e. maximum contact 

pressures, angle of contact, radius and area of 
contact.  

 
A review of literature [1,4,5–8,10–15 et al.] on 
FEM analysis of hip implants provides different 
data about the above-mentioned contact 
parameters for different values of Young’s 
modulus and Poisson’s ratio (Table 1). It should 
be emphasized that UHMWPE is characterized 
by reduced thermal resistance, therefore its 
Young’s modulus can be reduced by 15–20% 
[16] due to contact with human body 
temperature, while at the same time its 
Poisson’s ratio will increase by 1-1.5%. 

 
Table 1. Elastic properties of UHMWPE. 

Authors [4] [5] [5] [6] [1] [7] [8] [9] [12] [13] [14] [16] 

1E , MPa 1000 840 680 1400 880 500 850 1000 2200 1000 1400 750 

1ν  0.4 0.44 0.425 0.46 0.4 0.4 0.4 0.4 0.33 0.45 0.4 0.46 

 
In light of the above, the determination of a 
relationship between elastic properties of 
UHMWPE and contact pressures in hip implants 
is of vital significance not only for scientific 
reasons, but also for utilitarian purposes in terms 
of loads acting on this biomechanical system. 
This study uses a calculation method developed 
for hip implant analysis [17] to investigate the 
effect of Young’s modulus and Poisson’s ratio of 
UHMWPE on contact pressures in the implant 
and to establish relationships there between. 
 
 
2. RESEARCH METHOD 
 
At present, there is no analytical solution on the 
almost conformal contact of the sphere with the 
spherical cavity. In a recent paper [18] using the 
model of the Winkler foundation elastic 
deformation, an analytical solution of such a 
problem was obtained to determine the 
pressure distribution. The following is a 
calculation method in which a ball hip implant 
(3D system) (Fig. 1) is modeled as a cylindrical 
joint (3D system) (Fig. 1) with a model 
(effective) radius.  
 
The 3D system is then reduced to a 2D system by 
reducing the total compressive load N (Fig. 2) 
acting on the femoral head in the implant to a 
unit diameter of the head, i.e. 2/N N D  . 
Accordingly, in the modelled joint, 

1 2R R R  ( 1R , 2R - sleeve radius 1 and disk 

radius 2). Both the hip implant and the model 
are described by a radial clearance 
of 1 2 0R R R    . The load N   induces 
contact between the two elements in a zone 
described by an angle 02  and contact 
pressures ( )p  . 
 

 

Fig. 1. Hip implant.   

 
Various methods for solving plane contact 
problems on the internal contact of cylindrical 
bodies with equal or close radii have been 
developed in [19-24, etc.]. In 1954 [21,22] was 
established an equation for determining 
contact stresses, using the equality condition 
of adjacent bodies curvatures in the contact 
area. The collocation method was used to 
solve it. The solution of several such a class of 
problems using this approach is considered in 
the monograph [24]. 
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Fig. 2. Schematic illustrating calculations for a 
cylindrical joint. 

 
Later, such a flat contact problem on the 
distribution of contact stresses was 
investigated [25] using a very similar equation 
[21]. Using the results of [25], in [26,27] were 
obtained solutions of plane problems for 
bodies with equal and different elastic 
characteristics. Previously, such problems 
were also studied in [24]. 
 
In [25-30] the generalized methods of 
calculation of the specified cylindrical joints 
are developed, where a small facet (ellipticity, 
ovality, tri- and quadrilateral) of connected 
bodies contours was taken into account. 
According to these methods, studies of the hip 
arthroplasty as a model 2D cylindrical hinge 
with ovality of the cylinder (head) were 
performed [31]. 
 
In the model hinge, bodies with circular 
contours are considered below as in [17]. 
Solving the contact problem is solved by 
determining maximum contact pressures (0)p , 

their distribution ( )p   and contact angle 02 . 

For this two-dimensional contact mechanics 
problem the formula describing contact 
pressures ( )p   has the form [25,28]  
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are  

 
generalized characteristics of elasticity; 1 2,G G  

are shear modulus values of the 
materials;

1 2,  are Poisson’s ratio values of the 

materials; 3 4    corresponds to the plane 
state of strain.  
 
The calculations for the modelled 2D system 

(cylindrical joint), which substitutes a 3D system 

described by the radii
1R , 

2R  of hip implant 

elements, are performed using an effective 

radius of 1 2 2 20.5 0.5 ( )R R R R R    . 

 
An approximate solution of Equation (1) is 

produced with the use of collocation method 

[16,19]. For two points of a collocation 

of 00.5   , a function of contact pressures 

( )p   has the following form [25,28]: 

 

            2 20
0( ) tan tan

2 2
p E 

 
  ,              (2) 

 
where the simplified ratio for the collocation 
coefficient is as follows:  
 

              2

0 0/ cos / 4Е е R  ,                              (3) 

 

where 1 24 /e E E Z , 

 

     1 1 2 2 2 11 κ 1 ν 1 κ 1 ν ,Z E E        

 

 2 1E G  is Young’s modulus of the material. 

 
The maximum contact pressures (0)p  occur 

when 0 . Then 
 

            0
0(0) tan

2
p E


 .                                 (4) 
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An unknown half-angle of contact, 
0 , is 

determined from the condition of equilibrium of 
forces acting on disk 2 
 

     
0

0

2

0 0( )cos 4 sin ( / 4)N R p d R E 



  




      .  (5) 

 
Considering the formula for Young’s modulus

0E , 

Equation (5) taking into account (3) has the 
following form 
 

            2

0sin ( / 2).N е                                       (6) 

 
Hence, the half-angle of contact 02  

 

            0 2 sin /arc N e   .                              (7) 

 
The following complete formula can be used for 
the coefficient 0E  to increase the accuracy of the 

approximate solution of the problem by the 
given method: 
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When using the simplified formula (3) to find 0E , 

the pressure (0)p at the contact angle 02 =100° 

is lower by up to 4% compared to the exact 
solution [24]. When using formula (8) to find 

0E , the pressure (0)p at the contact angle 

02 =100° will be correspondingly lower up to 

2.8%. If we use a solution with three collocation 

points ( 0α 0, α 0.65α   ), the accuracy of the 

solution will increase. In particular, at a contact 
angle 02 =100° the deviation of (0)p  will be up 

to 0.65%. However, then the formulas for 

determining the two collocation coefficients for 

points 0α 0.65α   are cumbersome [24, 25, 28]. 

 
When solving the above contact problem (Fig. 
2), the thickness of the ring (acetabular cup) h 
= R0- R1 is important, where R0 is its outer 
diameter. In the literature, MES solutions for 
hip arthroplasty are known, where h = 4 - 14 
mm ([1] - 4-12 mm, [7] - 8.7 mm, [8] - 6 mm, 
[9] - 9 mm, [11] - 9.42 mm, [12] - 7 mm, [13] - 
14 mm, [15] - 14, 12, 16 mm, [18] - 4, 6, 8, 14 
mm, etc.). Also, in [5] it was noted that already 
at h = 10 mm the influence of thickness on the 
maximum contact pressures is small. 
Therefore, it should be expected that at h ≈ 8 
mm the contact stresses will not be 
significantly different [3,18] than those 
obtained from the solution by the above 
method. 
 
 
3. RESULTS AND DISCUSSION 
 
Numerical calculations of contact parameters 
for the analyzed metal-on-polymer (MoP) type 
hip implant were performed using the 
following data: 

- femoral head diameters: D2 = 28, 38, 48 mm;  

- total compressive force N (load) on the 
femoral head at walking [32,33] for the 
patient’s weight of K = 700 N: Nmax = 2900 N, 
Ns = 1900 N;  

- radial clearance: ε = 0.1, 0.2 mm; 

- material of femoral head 2; thermo-diffusion 
nitrided titanium (GRADE2 TDN) described 
by Young’s modulus 2E = 112000 MPa and 

Poisson’s ratio 2 = 0.32; 

- material of acetabular cup 1: UHMWPE 
described by Young’s modulus 1E = 625, 

1000, 1500, 2000, 2500 MPa, and Poisson’s 
ratio 1 = 0.3, 0.35, 0.4, 0.45.  

 

1E = 625 MPa [17] (37oC) as 80% of 1E = 750 

MPa (230 C) [15]. 
 
Results obtained for a mean load of Ns = 1900 
N are given in Figs. 3–8. Results of p(0) 
obtained for a femoral head diameter of D2 = 
28 mm are given in Figs. 3, 4.   
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(a) 

 
(b) 

Fig. 3. Elastic properties of UHMWPE versus contact 
pressures: (a) ε = 0.1 mm, (b) ε = 0.2 mm. 

 

 
Fig. 4. Influence of radial clearance on contact 
pressures of D2 = 28 mm. 
 
Results obtained for a femoral head diameter of  
D2 = 38 mm are given in Figs. 5, 6. 

 
(a) 

 
(b) 

Fig. 5. Elastic properties of UHMWPE versus contact 
pressures: (a) ε = 0.1 mm, b) ε = 0.2 mm. 

 

 
Fig. 6. Influence of radial clearance on contact 
pressures of D2 = 38 mm. 

 
Figs. 7, 8 show the results obtained for a femoral 
head diameter of D2 = 48 mm. 
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(a) 

 
(b) 

Fig. 7. Elastic properties of UHMWPE versus contact 
pressures: (a) ε = 0.1 mm, (b) ε = 0.2 mm. 

 

 
Fig. 8. Influence of radial clearance on contact 
pressures of D2 = 48 mm. 

 
The numerical results demonstrate that the 
elastic properties of the acetabular cup 

material (UHMWPE) have a significant impact 
on contact pressures. It can be observed that 
the qualitative relationships between contact 
pressures given in Figs. 3–8 and different 
values of both Young’s modulus and Poisson’s 
ratio of UHMWPE are practically the same. An 
increase in Young’s modulus of UHMWPE (its 
rigidity) causes a considerable nonlinear 
increase in contact pressures depending on 
the value of femoral head diameter and radial 
clearance in the system.  
 
Regarding the quantitative relationship 
between the maximum contact pressures p(0) 
and the two tested elastic characteristics, the 
following relationships were established: 
 
a) Young’s modulus E1 of UHMWPE 
 
- a four-fold increase in Young’s modulus 

causes a significant increase in p(0), namely:  

by 1.85, 1.92 times when D2 = 28 mm and 
 0.1, 0.2 mm; 

by 1.88, 1.94 times when D2 = 38 mm and 
 0.1, 0.2 mm; 

by 1.91, 1.95 times when D2 = 48 mm and 
 0.1, 0.2 mm;  

for lower values of Poisson’s ratio and radial 
clearance the increase is smaller;  

- when E1= const and 1  ranges 0.3 – 0.45, the 

increase in pressures p(0) is insignificant, 
namely: 

D2 = 28 mm:  0.1 mm by 1.051-1.063 times; 
 0.2 mm by 1.061-1.065 times;  

D2 = 38 mm:  0.1 mm by 1.057-1.065 times; 
 0.2 mm by 1.063-1.066 times;  

D2 = 48 mm:  0.1 mm by 1.062-1.065 times; 
 0.2 mm by 1.065-1.066 times;  

 
b) Poisson’s ratio 1  of UHMWPE 

 
- increasing the value of Poisson’s ratio by 1.5 

times causes a small increase in p(0) ranging 
1.066 times depending on the value of E1, D2 

and ; 

- when 1 = const and E1 ranges 625–2500 

MPa, the increase in pressures p(0) is as high 
as 1.95 times depending on the value of D2 
and . 
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For the acetabular cup made of UHMWPE with 
reduced rigidity (E1 = 625 MPa, 1 = 0.45) and 

increased rigidity (E1 = 2500 MPa, 
1 = 0.3), one 

can observe significant differences between 
maximum contact pressures: 

D2 = 28 mm: 1.75 times -  0.1 mm, 1.81 times 
-  0.2 mm;  

D2 = 38 mm: 1.78 times -  0.1 mm, 1.82 times 
-  0.2 mm;  

D2 = 48 mm: 1.79 times -  0.1 mm, 1.83 times 
-  0.2 mm. 

 
Apart from the elastic properties of UHMWPE, 
contact pressures are also affected by the 
geometric parameters of the system, i.e. the 
femoral head diameter D2 and the radial 
clearance ε. An increase in the femoral head 
diameter D2 by 1.714 times leads to a decrease 
in p(0) by approx. 2.26 times depending on the 
value of 

1E  and 1 . A two-fold increase in the 

radial clearance   leads to increase in the 
contact pressures p(0) by 1.33–1.37 times 
(when 1E  = 625 MPa and 1 = 0.3–0.45) and by 

1.39–1.4 times (when 1E  = 2500 MPa and 1  = 

0.3–0.45). With a larger value of the radial 
clearance (  = 0.2 mm), there is a more 
intense increase in the contact pressures p(0) 
than at its smaller value (  = 0.1 mm), as 
shown in Fig. 4, 6, 8.  
 
In the studied hip arthroplasty, the module E2 of 
the acetabular cup 2 made of UHMWPE is much 
smaller than the modules E1 of the metal head 1 
and E of the metal shell. As the cup thickness h 

decreases, the contact angle 02  decreases and 

the contact pressures p(0) increase. To reduce 
the pressure, choose UHMWPE with a lower 
modulus (Fig. 3, 5, 7). Also, the reduction of 
pressure is achieved by reducing the radial 
clearence in the endoprosthesis (Fig. 4, 6, 8). 
 
Using the above method and data reported in [1, 
8, 10, 12, 14] it was possible to determine 
pressures p(0) and then compare them with 
pressures pmax (Tab. 2). 
 
Analysis of the results of the maximum contact 
pressures comparison given in table 2 indicates 
their certain differentiated correlation. There is no 
clear relationship between the pressure difference 
in these solutions with the thickness of the cup. 

Table 2. Data about maximum contact pressures . 

Authors 
max(0) / ,p p  

MPa 

Prosthesis parameters 

[1] 8.77 / 10.65 
(0.82 times) 

 
11.81 / 13.75 
(0.86 times) 

N = 2650 N; D2 = 28 mm; 
ε = 0.1 mm; 
Ti – UMHWPE 
N = 2650 N; D2 = 28 mm;  
ε = 0.2 mm;  
Ti – UMHWPЕ 

1E  880 MPa; 
1 = 0.4:  

h =10 mm 

 
[8]  

 

15.24 / 17.1  
(0.89 times) 

N = 2500 N;D2 = 22,225 
mm; 
ε = 0.1825 mm; 
Stainless – UMHWPE  

1E  850 MPa; 1 = 0.4 

h =8,7 mm 

[10]  9.99 / 10.75  
(0.93 times) 

N = 2500 N; D2 = 36 mm;  
ε = 0.3 mm;   
Ti – UMHWPE 

1E  1000 MPa; 1 = 0.4; 

h =9 mm 

[12] 8.84 / 8.5  
(1.04 times) 

 
9.07 / 8.9  

(1.02 times) 
10.2 /10.2  
(1.0 times) 

N = 1900 N; D2 = 32 mm;  
ε = 0.098 mm;   
CoCrMo – UMHWPE  
N = 2000 N  
N = 2500 N  

1E  2200 MPa; 1 = 0.33; 

h =9,423 mm 

[14] 16.7 / 21.1  
(0.79 times) 

N = 2000 N; D2 = 22 mm;  
ε = 0.1 mm;   
CoCrMo – UMHWPE  

1E  1400 MPa; 1 = 0.4;      

h =14 mm 

[15] 7.86 / 6.68  
(0.85 times) 

N = 2000 N; D2 = 28 mm;  
ε = 0.08 mm;   
Stainless – UMHWPE  

1E  500 MPa; 1 = 0.4; 

h =12 mm 

Note: p(0) - maximum contact pressures according to 
the proposed method; pmax - maximum contact 
pressures 

 
Given the results presented by the developed 
method, it is possible to very easily, efficiently 
and with sufficient accuracy for practical 
purposes to assess the maximum contact 
pressures in the MoP hip arthroplasty. The 
accuracy of the pressure estimate compared to 
the presented method can be improved 
according to the methods described in 
paragraph 2. Numerical solution is provided 
by simple means, in particular in Excel. 
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4. CONCLUSION 
 
The proposed calculation method made it 
possible to effectively estimate maximum 
contact pressures in MoP type hip implants, 
considering the effect of UMHWPE’s elastic 
characteristics 

1E  and 
1 , femoral head diameter 

and radial clearance. As a result, qualitative and 
quantitative relationships between these 
parameters have been established.  

1. An increase in the values of the elastic 
characteristics of the acetabular cup material 
(UMHWPE) leads by approx. two times 
increase in contact pressures. On the other 
hand, increasing only the Poisson’s ratio 
value in the tested range leads to increased 
contact pressures by up to 1.065 times. 
Therefore, it can be concluded that the 
Young modulus of UMHWPE plays a key role 
in contact pressure reduction. 

2. A increase in the Grade2 TDN femoral head 
diameter leads to reduction in contact 
pressures. A two-fold increase in radial 
clearance of the system leads to a 1.4 times 
increase in contact pressures.  

3. It has been found that for the acetabular cup 
made of UMHWPE with lower values of its 
elastic characteristics, particularly Young’s 
modulus, contact pressures and wear rate of 
the implant are significantly reduced. 
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