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Abstract. The most common causes of conducting a hip revision surgery after total hip 
replacement are aseptic loosening (aseptic instability) of the endoprosthesis, bone 
destruction as a result of contact with the endoprosthesis, and a periprosthetic fracture. 
These are the effects of load transfer to the bone tissue in arthroplasty resulting due to 
the difference in stiffness of the endoprosthesis and the bone. Titanium alloy is widely 
used in endoprostheses manufacturing because of its high biocompatibility, good wear 
properties, and corrosion resistance, but such endoprostheses are stiffer than the femur. 
These problems have aroused interest in searching for the best materials and topology 
for a femoral implant. Nowadays, additive technology is of great interest as it enables to 
create materials with graded density. These materials consist of multiple lattice structures 
with variable parameters and topology. By varying the parameters of lattice structures, 
one can adjust the mechanical properties of the material as required. These materials 
find their application in hip endoprostheses manufacturing, allowing to adjust the 
parameters of the lattice structures and deliver a product with femur-like mechanical 
properties. The porous structure also ensures bone tissue ingrowth into the prosthesis. 
The authors designed and simulated an endoprosthesis made of graded density lattice 
structures with femur-like mechanical properties. Using a numerical simulation software 
ANSYS Mechanical, authors determined the effect of the topology on the structural 
behavior of the femur and defined the endoprosthesis-femur combined performance 
under various load cases. 

Key words: endoprosthesis, additive manufacturing, finite element methods, graded 
material, Ti-6Al-4V. 
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INTRODUCTION 

Total hip arthroplasty is replacing hip components with an endoprosthesis. The goal of 

arthroplasty is to get patients back to their usual lifestyle by recovering the joint function, 

recovering muscle strength, and relieving pain. Though total hip arthroplasty is one of the 

most clinically effective operations, with satisfactory clinical outcomes at a follow-up of 15–

20 years [18, 19], 10–20% of operations require revision surgery [17]. Common causes for 

hip revision surgery are aseptic loosening (aseptic instability) of the endoprosthesis [40, 12], 

bone destruction as a result of contact with the endoprosthesis [12, 26], and a periprosthetic 

fracture [12, 22, 33]. These are the effects of load transfer to the bone tissue in arthroplasty as 

a result of the difference in stiffness of the endoprosthesis and the bone [16]. Most hip 

endoprostheses are made of hard metals, such as a titanium alloy, which is widely used in the 

manufacture of endoprostheses because of its high biocompatibility, good wear properties, 

and corrosion resistance [23]. However, such endoprostheses have higher stiffness than the 

femur [4, 32]. All of the above have promoted interest in searching for the best materials and 

topology for a femoral implant. In [1], the authors optimized the endoprosthesis topology by 

reducing its initial volume and obtained a geometry represented as a closed hollow part. 

However, manufacturing the designed endoprosthesis as one unit is troublesome. Some 

attempts have been made to reduce the difference in stiffness of the endoprosthesis and the 

bone by manufacturing endoprostheses with composite and isoelastic stems [15, 34, 35, 41]. 

Nowadays, additive technology that helps create materials with graded density is increasingly 

used for improving the topology of endoprostheses. Such materials represent multiple lattice 

structures with various parameters and topology, which can be used to create designs with 

desired mechanical characteristics. By adjusting the topology of the lattice structures, one can 

control the mechanical characteristics of the manufactured product. The periodic structure of 

these materials is favorable to manufacturing endoprostheses, while the porous structure 

ensures bone tissue ingrowth into the prosthesis [3, 20, 31, 38]. In [22, 23, 25], the behavior 

of endoprostheses made of graded materials under different loading conditions is analyzed. 

One of the effective tools to design graded materials is simulation. The objective of this paper 

is to use simulation tools to determine the effect of the topology on the structural behavior of 

the femur and the endoprosthesis–femur joint deformation. 

MATERIALS AND METHODS 

For simulation purposes, the ANSYS 19.1 finite element analysis package was used. 

The geometries of lattice structures were prepared in the ANSYS SpaceClaim CAD module. 

The mesh was generated using ANSYS Meshing. Problem setup, solution, and post-

processing of the results were performed in ANSYS Mechanical. 

The authors analyzed the following designs: a femur without an endoprosthesis, a 

femur with an endoprosthesis made of a solid material, and a femur with an endoprosthesis 

made of a graded material. 

The results of analyzing the femur without an endoprosthesis were used as reference 

data for measuring changes in post total hip arthroplasty load transfer in the bone. To analyze 

the stress-strain behavior of the bone without endoprosthesis, a high-precision 3D Computed 

tomography anatomical model of the femur was used [24]. Computed tomography helps 

create 3D models of organs, which are highly accurate in shape and properties of soft and 

bone tissues. The human femur has three specific regions that are different in structure and, 

thus, in mechanical properties: cortical (compact) bone, trabecular (cancellous) bone, and 

bone marrow (see Fig. 1) [8]. 
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Fig. 1. Anatomical computer model of the femur 

Statement of the problem 

The designs of new endoprostheses are subject to preclinical trials to prevent any 

damage during operation. Finite element simulation helps predict the stress-strain behavior of 

the endoprosthesis and improve its topology to prevent adverse effects. 

Stiffness of the bone–endoprosthesis system, bone strength, and endoprosthesis 

strength were selected as criteria for comparing an endoprosthesis made of a solid material 

and an endoprosthesis made of a graded material. 

The experimental structural testing of endoprostheses is carried out as per GOST R 

ISO 7206-4-2012 [13]. A cyclic load is applied to the femoral head to cause axial 

compression, biplanar bending, and rotation until the head breaks or executes a given number 

of cycles. Actual loads differ from those specified in the standard [5]. Therefore, in the 

current paper, the authors studied main load cases that represent the most common in-vivo 

loading conditions, namely, quiet upright standing, walking, stair climbing. Therefore, in the 

current paper, the authors studied main load cases that represent the most common in-vivo 

loading conditions, namely, quiet upright standing, walking, stair climbing. The case of 

jogging at a speed of 7 km/h was also studied, since this type of physical activity is very 

popular among post total hip arthroplasty patients. Additionally, paper [5] provides a 

combined load case that was also used for the evaluation. In this load case the angle of the 

joint reaction force positioning the femur 20º in the transverse plane to assess its effect on the 

overall strain distribution, and the action of the three major muscle groups, the adbuctors, the 

vastus lateralis and the iliopsoas, was applied. 

The designed model of the bone–endoprosthesis system and its loading configuration 

are shown in Fig. 2. To simulate a routine arthrotomy, the femoral model was incised along 

the greater trochanter, and the endoprosthesis model was inserted into the femur. 

Trabecular bone 

Marrow 

Cortical bone 
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Endoprosthesis loading is analyzed in coordinates relative to the right femur. The coordinate 

origin is centered on the femoral head. Muscular loads on the femur are also taken into 

account. Data on the loads arising from the analyzed types of activity was taken from [30]. 

The bone–endoprosthesis system is fixed to the lower surface of the femur in all directions. 

The node at the location of hip contact, i.e., where the hip contact force was applied, was 

constrained such that this node could only deflect along a local z axis towards the posterior 

condylar center [36]. 

 

Fig. 2. Model and loading configuration of the bone–endoprosthesis system 

Table 1 
Values and directions of forces and moments 

Load case Load position Fx, N Fy, N Fz, N Fres, N 

Combined (LC1) 

Femoral head 262 -36 -681 730 

Abductor -103 0 282 300 

Ilipsoas -29 136 127 188 

Vastus lateralis 0 0 -292 292 

Taking upright position (LC2) Femoral head 650 204 -1.428 1.582 

Upright standing (LC3) Femoral head 576 121 -1.947 2.034 

Stair climbing (LC4) Femoral head 712 657 -2.000 3.054 

Jogging (LC5) Femoral head 774 771 -2.852 3.054 

Table 2 
Stress-strain properties of the femur regions 

 Cortical bone Trabecular bone Marrow 

Young’s modulus, GPa 20.0 2.0 0.3 

Poisson’s ratio 0.3 0.3 0.45 

For stress transfer between the endoprosthesis and the femur, linear contacts the 

open/closed status of which remains unchanged during the analysis were used – it is necessary 

to avoid relative movements between the endoprosthesis and the femur in real life. The 
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endoprosthesis was simulated with VT6 alloy the mechanical properties of which are given in 

the Table 2 [39]. 

Design of an endoprosthesis made of a graded material 

To manufacture an endoprosthesis with femur-like mechanical characteristics, it is 

necessary to determine appropriate lattice structures the effective properties of which match 

the mechanical properties of the bone. This will give strength to the bone attached to the 

endoprosthesis. Selection of the appropriate lattice structures was based on the following 

parameters: Young’s modulus, pore size, tensile strength. For this study, the authors selected 

six representative topologies of lattice structures: N, MN, CoRN, CrMN, CoCrRN, and 

CoCrRMN (see Fig. 3). The authors defined a system of cell configuration naming according 

to the directions of the struts: N means diagonal struts; R means the central vertical strut; Co 

means struts located on the four vertical edges of the unit cell; Cr means struts running 

diagonally from the vertical faces of the unit cell; M means struts running from the center of 

the unit cell to the midpoints of the horizontal edges. The topologies of the structures are a 

combination of multidirectional struts with a constant generator N. The unit cell parameters 

are 2.5 * 2.5 * 2.5 mm at strut thicknesses of 0.3 mm, 0.4 mm, 0.6 mm, 0.8 mm, 1 mm. 

 

Fig. 3. Configurations of lattice structures 

 The effective mechanical properties of lattice structures were determined by 

simulating a compression test [39]. The authors analyzed a wide range of elastic and plastic 

stresses and strains on a curve and found tensile strength for the lattice structure. 

Table 3 
Linear elastic material model parameters of the VT6 material 

Young’s modulus, GPa 113 

Poisson’s ratio 0,36 

Table 4 
VT6 characteristics for a multilinear plastic material model 

ε, 

mm/mm 
0 0.00096 0.00349 0.00620 0.00894 0.011729 0.01738 0.02025 0.06296 

σ, MPa 684.5 915.1 970.4 1006.8 1034.0 1054.3 1084.5 1096.1 1177.6 

 The plastic material model used to simulate uniaxial tension is multilinear. The 

multilinear plastic material model takes the following input parameters: Young's modulus E, 

Poisson's ratio μ, and plastic stress σ–plastic strain ε relationship. Plastic strain is important to 

take into account when simulating the actual mechanical properties of the strut material and 

obtaining a wide range of effective mechanical properties of the structures. The material used 

to manufacture the endoprosthesis struts is titanium alloy VT6. The mechanical properties of 

VT6 were determined as a result of a tensile test carried out by the authors on the round test 

specimens manufactured by selective laser melting and subsequent heat treatment [28, 29]. 

The mechanical properties of VT6 are shown in Tables 3 and 4. 

N MN CoRN CoCrRN CrMN CoCrRMN 
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The pore size lies in the range of 0.4–0.8 mm for the cortical bone and 0.8–1.2 mm for 

the trabecular bone [21, 37]. Large pores (0.8–1.2 mm) function as a drain in the prosthesis by 

supplying organic matter into the endoprosthesis, while small pores (0.4–0.8 mm) ensure the 

articulation of the prosthesis and the bone. Here, we needed to select a topology and a strut 

size according to the established criteria for the pore sizes. The pore size in the models 

analyzed is determined by the size of a sphere inscribed with the lattice structure; this 

approach has been used previously [7]. 

We selected lattice structures with the following values of the effective Young’s 

modulus: 14–28 GPa for the cortical bone and 0.1–4 GPa for the trabecular bone [10, 11, 14]. 

Table 5 
Mechanical properties of the selected lattice structures 
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Young’s modulus, GPa 113.2 14.0–27.0 14.5 14.6 0.1–4.0 2.5 0.92 4.0 

Tensile strength, GPa 1177.6 100.0–200.0 167.0 185.0 10.0–130.0 86.4 35.2 102.2 

 

Fig. 4. Model of endoprosthesis made of a material with graded density 
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The values of the effective tensile strength for the trabecular bone are 10–130 MPa 

and 100–200 MPa for the cortical bone [10, 21, 37]. Here, we needed to select a topology and 

a strut size according to the established criteria for tensile strength. 

Table 5 shows the values of Young’s modulus and tensile strength for VT6, the 

cortical bone, the trabecular bone, and the selected lattice structures. 

In Fig. 4 shows the designed model of an endoprosthesis made of a graded material 

and the bone–prosthesis system made of a graded material. To simulate a graded material with 

femur-like mechanical properties, we used the following lattice structures: CoCrRMN with a 

strut thickness of 0.4 mm and CoCrRN with a strut thickness of 0.45 mm; CoCrRN with a 

strut thickness of 0.4 mm and CoCrRMN with a strut thickness of 0.45 mm; CoCrRN with a 

strut thickness of 0.4 mm and CoCrRMN with a strut thickness of 0.48 mm for the cortical 

bone; N with a strut thickness of 0.48 and MN with a strut thickness of 0.3; MN with a strut 

thickness of 0.3 mm and CrMN with a strut thickness of 0.35 mm for the trabecular bone. 

RESULTS 

 Using the finite element method, we analyzed the effect of different endoprosthesis 

models on the stress-strain behavior of the femur for different types of human activity, such as 

walking, upright standing, taking upright position, stair climbing, and jogging. The study was 

performed for a femur without an endoprosthesis, a femur with an endoprosthesis made of a 

solid material, and a femur with an endoprosthesis made of a graded material. 

 
Fig. 5. Von Mises stress fields (MPa) for a femur without an endoprosthesis a, a femur with a solid-

material endoprosthesis b, a femur with a graded-material endoprosthesis c under combined loads 

In Fig. 5 shows von Mises stress fields in the femur with a solid-material 

endoprosthesis and the femur with a graded-material endoprosthesis under combined loads. 

When the bone–endoprosthesis system is subject to loads, the endoprosthesis topology has no 

observable effect on the overall stress state of the femur. However, where the endoprosthesis 

from a solid material articulates with the femur surface, local strain reduction is observed in 

the upper part of the cortical bone. Due to its high stiffness, the endoprosthesis takes the 

major load and does not transfer it to the cortical bone, which reduces strains in the bone (see 

Fig. 6). This adverse effect is called stress shielding [9, 27]. By Wolff’s law [42], changes in 
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the functional loading of the bone cause its adaptive remodeling, which in the case of a 

decrease in the active load results in the weakening and further destruction of the bone tissue. 

 

Fig. 6. Von Mises stress fields (MPa) for the upper part of a femur without an endoprosthesis a,           

a femur with a solid-material endoprosthesis b, a femur with a graded-material endoprosthesis c under 

combined loads 

 
Fig. 7. Displacement fields (mm) for a femur without an endoprosthesis a, a femur with a solid-

material endoprosthesis b, a femur with a graded-material endoprosthesis c under combined loads 
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 Fig. 6 shows von Mises stress fields for the upper part of the cortical bone in a femur 

without an endoprosthesis, a femur with a solid-material endoprosthesis, and a femur with a 

graded-material endoprosthesis. 

The analysis shows that strains in the femur with a graded-material endoprosthesis are 

higher than those in the femur with a solid-material endoprosthesis and do not exceed those in 

the femur without an endoprosthesis. This reduces the risk of stress shielding and ensures 

femoral strength. 

Table 6 
The maximum values of the bone (endoprosthesis) head displacements in x, y and z        

directions (mm) 

  
Femur bone without 

endoprosthesis 

Femur bone with solid-

material endoprosthesis 

Femur bone with graded-

material endoprosthesis 

LC1 

Ox 0.58 0.63 0.68 

Oy 0.36 0.37 0.36 

Oz 0.39 0.41 0.51 

LC2 

Ox 1.26 1.35 1.47 

Oy 0.77 0.80 0.78 

Oz 0.84 0.89 1.11 

LC3 

Ox 1.62 1.73 1.90 

Oy 1.00 1.03 1.01 

Oz 1.08 1.15 1.42 

LC4 

Ox 1.76 1.90 2.07 

Oy 1.11 1.15 1.12 

Oz 1.18 1.27 1.56 

LC5 

Ox 2.44 2.62 2.86 

Oy 1.50 1.55 1.51 

Oz 1.62 1.75 2.14 

 

 

Fig. 8. Von Mises stress fields a, maximum tension b and maximum compression c stress fields (MPa) 

for a graded-material endoprosthesis under maximum load 
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In Fig. 7 shows displacement fields for a femur without an endoprosthesis, a femur 

with a solid-material endoprosthesis, and a femur with a graded-material endoprosthesis under 

combined loads. The displacement values at the head top are as follows: 0.39 mm for a solid 

bone, 0.41 mm for a bone–solid endoprosthesis system, 0.51 mm for a bone-graded 

endoprosthesis system. 

Maximum values of the displacement in x, y, z directions for all load cases are 

presented in Table 6. 

Displacement values obtained in the current research are of the same order as the 

values of other studies [2, 6]. Differences could be caused by differences in boundary 

conditions or by difference in bone material model used. 

Fig. 8 shows von Mises stress fields, maximum tension and maximum compression 

stress fields for an endoprosthesis made of a graded material under maximum jogging load. 

Based on the simulation, strains in the endoprosthesis made of a graded material are 

lower than yield strength of VT6. The margin of safety in the maximum load case is 2. 

Therefore, the lattice structure strength of a graded-material endoprosthesis is ensured for all 

of the analyzed types of activity. 

CONCLUSIONS 

The objective of this paper was to investigate the effect of the endoprosthesis topology 

on the stress-strain behavior of the femur. Two endoprosthesis topologies were analyzed: an 

endoprosthesis made of a solid material and an endoprosthesis made of a material with graded 

density. 

A model of a graded-material endoprosthesis was designed. The effective properties of 

the lattice structures that form the graded material match the mechanical properties of the 

femur, which ensures the bone strength as it interacts with the endoprosthesis. Selection of the 

appropriate lattice structures was based on the following parameters: Young’s modulus, pore 

size, tensile strength. The porous structure of the graded material ensures bone tissue ingrowth 

into the prosthesis. 

Load cases for walking, quiet upright standing, taking upright position, stair climbing, 

and jogging were analyzed. For a more accurate analysis of the load cases, forces arising 

under loads placed by major muscles on the femur were taken into account. 

The simulation shows that an endoprosthesis made of a graded material can carry 

loads arising from standard types of human activity. It was also determined that an 

endoprosthesis made of a graded material has lower stiffness than that of a solid material, 

which helps reduce the risk of aseptic loosening and prevent the need for revision surgery. 
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