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Abstract. Friction between the moving parts of the endoprosthesis has a significant 

impact on the endoprosthesis operation time. Primarily, it concerns the endoprosthesis of 

hip and knee joints. To improve the tribological characteristics of the metal endoprosthesis, 

hardening nanostructured coatings are used. Usually, titanium and titanium alloys are 

used as metal, and titanium nitride is used as a coating. Herein, we propose an approach 

to multilevel modeling of the system “bone-endoprosthesis” which is based on the 

movable cellular automaton method and accounts for friction between the moving parts of 

the hip resurfacing endoprosthesis. We validated the models of the friction system 

materials using the instrumented scratch test simulation. Then, we simulated friction at 

the mesolevel, explicitly considering roughness of the coating. The results obtained at the 

mesolevel were used as tribological characteristics of the coating in the macroscopic 

model of the hip resurfacing endoprosthesis. 
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1. INTRODUCTION 

Prosthetics is an important part of the modern traumatology and orthopedics, 

especially for large human joints such as hips and knees. Nowadays there are two options 

for hip joint endoprostheses: total hip replacement and hip resurfacing arthroplasty. In the 

first option the joint is replaced by endoprosthesis, in the second, just the surface of the 

femur head is replaced by the cap, which is specially shaped like a mushroom. In spite of 

the surgical complexity, the second approach is much better suited for young patients due 
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to their activity. Mainly, both the resurfacing cup and the matching cup placed in the 

acetabulum are made of cobalt-chrome metal alloy. Sliding friction between the cups 

leads to wear of the metal. The wear debris generated and released from the metal parts of 

the endoprosthesis accumulates in the adjacent tissue. This may lead to necrosis of the 

tissue cells and small phagocytes; an expressed allergic vasculitis is also observed in the 

literature [1]. The surface layer structure of the contacting materials has a major influence 

on the wear process. Therefore, in the last decade, one can observe extensive research in 

the field of applying ultrathin hardening coatings and layers on titanium alloys used for 

resurfacing hip endoprosthesis. In this case, titanium alloys are used as metal and titanium 

nitride (TiN) is used as the coating. The structure of the coating is determined by the regimes 

of its deposition. Usually, the following technologies are used for this purpose: physical 

vapor deposition (PVD), chemical vapor deposition (CVD) and powder immersion reaction 

assisted coating (PIRAC) [2, 3]. The coating obtained by PVD and CVD techniques have 

low adhesion and may delaminate under dynamic loading, while adhesion of the coating 

obtained by PIRAC is much higher. Furthermore, PIRAC allows depositing a wide range of 

compositions such as carbides, borides, and nitrides [4, 5]. That is why PIRAC appears to be 

very promising for producing hardening coating of metal implants. 

Testing of prostheses has several stages including preclinical and clinical trials. Clinical 

trials are carried out through the prosthesis installation in a living human body and are 

performed at the final stage of the testing. It is important to understand that the installation of 

low quality or poorly designed prosthesis may lead to problems of the patient health. That is 

why the preclinical study is particularly important. Preclinical studies of the mechanical 

behavior of the prosthesis can be divided into experimental and theoretical ones. Experimental 

studies are tests using a special technological unit that simulates the dynamic loading 

experienced by prosthesis in a living body. To determine mechanical properties of the 

material surface such standard methods as depth-sensing indentation and scratch testing as 

well as three-point bending are used. It is worthy to note that usually experimental studies 

are performed in standard atmospheric conditions and their results may significantly differ 

from the material behavior in the conditions of the human body. That is why part of the 

experiments is conducted in the condition mimicking the living body (in vitro) or using 

special samples installed into an animal body (in vivo). However, it is obvious that the 

number of in vivo tests and their capabilities is considerably restricted.  

Theoretical studies of the mechanical behavior of the prosthesis using computer 

simulation make it possible to study the mechanical behavior of the prosthesis taking into 

account the influence of various factors. Therefore, in preclinical studies, computer 

simulation is used to predict the mechanical behavior of prostheses. For example, computer 

simulation based on numerical methods of continuum mechanics allows detailed 

investigations of the behavior of coating and surface layer under contact loading. The 

influence of the coating thickness on the load-displacement curve for the instrumented 

indentation of ceramic coatings on the metal substrate is studied in [6-8]. The role of the 

surface roughness of ceramic coating in the mechanical behavior of the system “coating-

substrate” in instrumented indentation is numerically studied in [9-12]. Both instrumented 

indentation and scratch tests of the hardening coating are simulated in [13-17], where the 

authors analyze stress fields in the contact region as well as the peculiarities of the loading-

displacement curves.  
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The majority of papers on simulation of the mechanical behavior of the system “bone-

endoprosthesis” also use numerical methods of continuum mechanics. In [18], the authors 

study the stress fields in the hip bone for two types of the endoprostheses (total replacement 

and resurfacing) and show that resurfacing leads to minimal changes of the stress distribution 

in the bone compared with the original “healthy” bone. Dickinson et al. studied the 

mechanical behavior of the system “bone-endoprosthesis” for different structure and 

geometry of the implant [19] as well as its material [20]. 

In spite of a large number of the papers devoted to the modeling of the mechanical 

behavior of the hip endoprosthesis there is still no unified multiscale theoretical study of the 

system with explicit consideration of structural peculiarities of the materials. In such a 

model, the studies at each scale should solve their specific problems and their results should 

be used for modeling at the upper scale finally providing the capability to design 

personalized endoprosthesis. 

The purpose of this paper is the development of a multiscale numerical model of the 

mechanical behavior of the system “bone-endoprosthesis” for hip resurfacing arthroplasty 

that considers explicitly such geometrical parameters of the TiN coating as its thickness, 

roughness, and mechanical properties. To reach this purpose, we solved three tasks. Firstly, 

we validated the models of the materials used in the friction pair of the endoprosthesis. For 

this, we developed a numerical model for simulating instrumented indentation and scratch 

testing of the hardening coating on the titanium substrate. The simulation results were 

compared against available experimental data. Secondly, we developed a model for sliding 

friction at the mesoscale, which considers explicitly roughness and mechanical properties of 

the contacting surfaces. The simulation at this scale then provided an effective coefficient of 

friction that can be used at macroscale modeling. The final third task was the development of 

a numerical macromodel of the system “bone-endoprosthesis” and studying this model. 

2. DESCRIPTION OF THE SIMULATION METHOD 

Our numerical models are based on the method of movable cellular automata (MCA), 

which is a representative of so-called discrete element methods (DEM) and differs 

substantially from numerical methods used in continuum mechanics [21]. The MCA 

considers a material as a set of particles of finite size (automata) interacting among each 

other and thereby simulating deformation and fracture of the real material. Translational 

motion and rotation of the movable automata are governed by the Newton-Euler 

equations. The main advantage of the MCA-method in comparison with the DEM are the 

generalized many-body formulas for the central interaction forces acting between the 

particle pair of s similar to the embedded atom force filed used in molecular dynamics. It 

is based on computing components of the average stress and strain tensors in the bulk of 

automaton according to the homogenization procedure described in [21]. The use of 

many-body interaction forces allows, within the discrete element approach, the correct 

simulation of important features of the mechanical behavior of solids such as Poisson 

effect and plastic flow.  

To describe the elastoplastic flow of the material, it was proposed to use the plastic 

flow theory (namely von Mises model) by adapting the algorithm of Wilkins in the MCA 

method [21, 22]. The radial return algorithm of Wilkins consists of the solution of the 
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elastic problem in increments and the subsequent “drop” of components of stress deviator 

tensor to von Mises yield surface in the case that equivalent stress exceeds it. 

A pair of automata can be in one of two states: bound and unbound. Thus, in the MCA 

fracture and coupling of fragments (crack healing, microwelding etc) are simulated by the 

corresponding switching of the pair state. The switching criteria depend on physical 

mechanisms of material behavior [21, 22]. Note that the knowledge of the stress and 

strain tensor in the bulk of an automaton allows the direct application of conventional 

fracture criteria written in the tensor form. Herein, we used the von Mises criterion based 

on a threshold value of the equivalent stress. 

3. VALIDATION OF THE MATERIALS MODEL 

From the literature [23], we chose the following values for the material properties of 

the titanium alloy Ti6Al4V: density ρ = 4420 kg/m
3
, shear modulus G = 41 GPa, bulk 

modulus K = 92 GPa, Young’s modulus E = 110 GPa, yield stress σy = 0.99 GPa, ultimate 

strength σb = 1.07 GPa and ultimate strain εb = 0.10. Geometric features of the TiN 

coating and its mechanical properties are determined by the deposition modes at PIRAC 

[24] forming. Thus, at a deposition temperature of 700º C and a treatment time of 48 

hours, the coating on the titanium substrate has a thickness of 1.3 μm with an average 

roughness height of 0.15 μm (mode 1) and the elastic modulus, depending on the 

deposition regime, was equal to E1 = 258 GPa; at a deposition temperature of 800º C and 

a treatment time of 4 hours the coating on the titanium substrate has a thickness of 1.4 μm 

with an average roughness height of 0.132 μm (mode 2) and an elastic modulus of E2 = 

258 GPa; at a deposition temperature of 900° C and a treatment time of 2 hours the 

coating on the titanium substrate has a thickness of 1.5 μm with an average roughness 

height of 0.265 μm (mode 3) and an elastic modulus of E3 = 321 GPa. According to this 

information, we chose the following values for the material properties of the TiN coating: 

ρ = 52200 kg/m
3
, G1 = 104 GPa, G2 = 104 GPa, G3 =129 GPa, K1 = 173 GPa, K2 = 

173 GPa, K3 = 205 GPa. Data for yield stress and ultimate strength and strain were 

obtained using reverse analysis of the load-displacement curve for sensing indentation: 

σy = 4.50 GPa, σb = 5.50 GPa and εb = 0.075 [25]. 

A general view of the model for sensing indentation is shown in Fig. 1a. The model 

specimen was a parallelepiped consisting of titanium substrate, interface and TiN coating. 

Loading was simulated by moving all the automata of the Berkovich indenter with 

constant velocity Vz = −1 m/s for loading until the required penetration depth, and Vz = 

1 m/s for unloading (Fig. 1, b). Applying the procedure of Oliver and Pharr [26] to the 

simulation results provided the dependence of the material hardness on the penetration 

depth (Fig. 2) for three kinds of coatings obtained in different regimes of deposition. It 

can be seen from Fig. 2 that the hardest is the coating obtained by mode 3, all the curves 

correspond to experimental data from [24]. Thus, we may conclude that the models of the 

materials behavior are validated and can be used in further steps in our work. 

The model specimen for scratch testing was also a parallelepiped consisting of 

titanium substrate, interface and TiN coating but elongated along axis Y (Fig. 3). To 

simulate the force acting on indenter along axis Z in the experiment, we set the velocity of 

indenter automata to VZ = −0.5 m/s (Fig. 3, b) until the indenter was immersed into a 
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predetermined penetration depth; after that the vertical velocity was set to zero. Here, we 

considered penetration of the indenter only up to the interface layer; the possibility of the 

coating to detach from the substrate was not allowed. To move the indenter along the 

sample surface, a constant velocity of the indenter automata along axis Y was set to VY = 1 

m/s. 

  
a b 

Fig. 1 The model specimen for indentation (a) and its cross-section with loading parameters (b) 

represented by automata packing (the numbers indicate the model materials:  

1 – titanium, 2 – interface, 3 – coating, 4 – diamond) 

 

Fig. 2 Dependence of the hardness on the depth of penetration (the numbers indicate the 

modes of coating deposition) 

Based on the results of our simulations, images of the deformed sample were created, 

and the values of the critical force characteristics at certain stages of fracture were 

obtained. It was found that the value of the critical force for the onset of fracture and 

cracking is largest for the coating thickness of 1.4 μm and roughness of 0.132 μm, and 

smallest for the thickness of 1.5 μm and roughness of 0.265 μm. At delamination of the 

coating, the maximum of the critical force is typical for the specimen with a coating 

thickness of 1.5 μm and roughness of 0.265 μm, and the minimum for the specimen with a 

coating thickness of 1.3 μm and roughness of 0.15 μm (Fig. 4). 
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a b 

Fig. 3 The model specimen for scratch testing (a) and its cross-section with loading 

parameters (b) represented by automata packing (the numbers indicate the model 

materials: 1 – titanium, 2 – interface, 3 – coating, 4 – diamond) 

 

Fig. 4 The force acting on the indenter from coating P versus scratching path h of the 

indenter (the numbers indicate the modes of coating deposition) 

4. MESOMODEL FOR FRICTION 

In the next step, we developed a mesomodel of sliding friction of the contacting 

surfaces of the endoprosthesis that explicitly accounts for surface roughness, the mean 

height of which is determined by the regime of the coating deposition (Fig. 5). At the 

macroscale we merely need the effective value of the friction coefficient. Therefore, the 

substrate and interface were not considered in this model. The scheme of loading is shown 

in Fig. 5b and is as follows. The automata of the bottom layer were fixed, the automata of 

the top layer were moved with constant horizontal velocity VY = 1 m/s and subjected to 

pressure P = 0.75σy.  
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a b 

Fig. 5 The model specimen for sliding friction at mesoscale (a) and its cross-section with 

loading parameters (b), the colors indicate different bodies 

Figure 6 depicts plots of the friction coefficients versus the calculation time obtained 

from the simulation at mesoscale for three different TiN coatings, whose parameters and 

roughness correspond to the different deposition regimes. Average values of these friction 

coefficients at the final steady stage were then used in the model at the macroscale. 

 

Fig. 6 Plots of the friction coefficient in the model at mesoscale versus the calculation 

time (the numbers indicate the modes of coating deposition) 

5. MACROMODEL OF HIP RESURFACING ENDOPROSTHESIS 

Finally, we developed a macromodel of the hip resurfacing endoprosthesis with part of 

the femur bone shown in Fig. 7. The geometry of the model was based on the so-called 

3rd generation composite femur [27], which provides geometries of cortical bone and 

cancellous bone as different solid bodies. For our purpose, we cut the top part of the bone 
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geometry, added resurfacing endoprosthesis (colored in cyan, and its coating colored in 

blue) and special loading part (colored in red) (Fig. 7, b,c). 

 
 

 
a b c 

Fig. 7 The model of the hip resurfacing endoprosthesis (a) its cross-section (b) and 

scheme of loading (c) 

 

  
a b 

  
b d 

Fig. 8 Distributions of the mean stress in the system “bone-endoprosthesis” loaded by a 

force of 3 kN (a,c) and 10 kN (b,c) for titanium endoprosthesis (a,b) and titanium 

with TiN coating (c,d) 
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Based on the developed model, we simulated compression of the part of the femur 

with resurfacing endoprosthesis with hardening coating and without it. The loading was 

applied by setting a constant velocity in both horizontal and vertical directions as shown 

in Fig. 7c up to reaching the critical values of the resisting force of 3 kN and 10 kN [28]. 

The simulation results are presented in Fig. 8 as distributions of mean stress.  

It is reported that the strength limit for the cancellous bone of healthy people reaches 

about 10 MPa in compression and 5 MPa in tension; it may be lower than 5 MPa and 

3 MPa for some diseases correspondingly [29]. Analysis of stress distribution in the 

model system showed that the maximum tensile stress was observed near the 

endoprosthesis and did not reach critical values. Therefore, we tried to analyze the 

compression stress in the scale up to 5 MPa. From Fig. 8, one can see that the maximum 

compression stress that can lead to fracture is observed in the femoral neck. 

6. CONCLUSIONS 

A multiscale numerical model for analyzing mechanical behavior of the hip resurfacing 

endoprosthesis is proposed. The material models are validated against the available 

experimental data using the simulation of instrumented indentation and scratching. The 

macroscopic coefficient of friction in the friction pair of the endoprosthesis is proposed to be 

found from the model for sliding friction at mesoscale where roughness of the contacting 

surfaces is considered explicitly. Simulation at the macroscale includes a part of the femur 

bone with resurfacing endoprosthesis. An analysis of the stress distribution in the 

macromodel reveals that the critical compression stress is observed in the femoral neck. 

Further studies could include more realistic loading mimicking not only compression 

but also rotation of the femoral head in the acetabulum prosthesis cup. 
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