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Abstrac t. This paper presents a stress analysis of the biomechanical system formed by 
the hip joint prosthesis and pelvic bones with loading corresponding to a balanced two-
legged stance. To this end, the geometric model of a previously designed implant is 
adjusted, a finite element model of the system is built, and a series of strength 
calculations in the ñupright standingò position is performed. The model takes into account 
the porous structure of the prosthesis replacing the joint fragment lost due to 
physiological processes or trauma. Characteristics of computer analysis of revision hip 
replacement of the acetabular joint component are considered. The results of 
finiteelement analysis of stress-strain state of the system formed by the skeleton and hip 
prosthesis in two-legged stance are described. The main focus is on the calculation of the 
stresses in the pelvic component of the prosthesis under static loading produced by the 
tightening torque of screwsinserted into bone and the patientôs weight. 

Key words: hip joint, prosthesis, finite element analysis, stress-strain state, revision 
arthroplasty. 
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INTRODUCTION 

Hip replacement is one of the most common surgical procedures and a fundamental issue in 

orthopedic biomechanics. The total hip prosthesis consists of an acetabular component that 

replaces the acetabulum and a femoral component that replaces the femoral head (Fig. 1). 

The acetabular component is typically a metal cup with a polyethylene or ceramic 

liner. During the total hip replacement surgery, the cup may be press fitted into place, 

cemented, or screwed into an artificial acetabular socket. The femoral component of the hip 

prosthesis consists of a stem and a ball. 

The prosthetic ball may be made of titanium or cobalt - chrome with ceramic coating. 

The most popular material for the prosthetic stem is titanium. The combinations of materials 

typically used for femoral head and acetabular cup are ceramic-on-ceramic, ceramic-on-

polyethylene, and metal-on-polyethylene. The main medical goal of the hip replacement 

surgery is to restore the normal function of the joint. 

The service life of the prosthesis can be reliable predicted only when taking into 

account such key characteristics of the task as the complex geometric shape of areas of the 

biomechanical system, its multiple components, dynamically heterogeneous stress conditions, 

and numerous contact interactions. One of effective solutions for this problem is direct finite 

element modelling. The need to take into account numerous details of the computational 

domain results in a multimillion system of mathematical equations, which can only be 

handled by supercomputer technologies. The need to consider anatomic limitations of a 

particular patient necessitates the use of additive technology. 

Finite element analysis as a computational method for studying complex biological 

systems on the basis of continuum mechanics models has been actively used since the  

1970s [11, 22]. At present, there are three main areas of finite element modelling in 

orthopedic biomechanics: 1) construction design and preclinical study of the strength of 

prostheses and various fixing devices used in osteosynthesis [21]; 2) theoretical analysis of 

core mechanical properties of the human musculoskeletal system; 3) investigation of complex 

time-dependent processes of adaptation, growth, and regeneration of live tissues using 

continuum mechanics methods [19]. 

 

 

Fig. 1. Total hip replacement graph [12] 
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Since the end of the 20th century, there has been published a large number of papers 

dedicated to theoretical study of mechanical aspects of interaction between hip prosthesis and 

bone tissue using software systems based on the finite element method. The bulk of research 

focuses on the stress-strain state of the femoral and acetabular components of the hip 

prosthesis and bone tissue in primary hip replacement [1, 2, 15, 25, 27]. A great deal of 

literature is on the stress shielding effect near implants characterized by higher rigidity 

compared to bone tissue, and development of new models of prostheses with bone-like 

mechanical properties [3, 6, 8, 16]. 

The prosthesis is assumed to be formed by a standard set of components of a specific 

size and shape that are used in primary hip replacement surgery. As a rule, it is assumed that 

there is full mechanical contact between the prosthesis components and bone surface, while a 

number or papers specifically discuss relative micro - migrations of the prosthesis stem in the 

tibial canal. Modern approaches to stress analysis of hip replacement are typically based on 

computed tomography (CT) and geometric CAD (Computer Aided Design) implant models 

[13, 15]. 

The past decade, publications appearedthat describe the results of biochemical studies 

of the skeleton - prosthesis systems in revision hip replacement associated with significantly 

invasive surgery and customized implant selection. Thus, works [23, 30] discuss acetabular 

socket reconstruction with the help of implants produced using autologous biological 

materials harvested from the fibula. Papers [10, 29] consider the options for fixing the implant 

to the pelvis from the biomechanical point of view. Paper [12] presents a comprehensive finite 

element pelvis model including the lumbosacral spine and proximal femur based on the 

patientôs CT scan and spatial geometry of the studied area. Finite elements of the mesh of the 

pelvic bone, elements and individual components of the hip prosthesis with complex spatial 

shapes are formed by solid elastic elements and assembled. A 500 N vertical load is applied to 

the fifth lumbar vertebra, and the pelvis is fixed so as to simulate upright bipedal stance. 

Calculations revealed a considerable concentration of stresses on the surface of the transplant 

made of fibular biomaterial. We suggest that peak stresses could be minimized by introducing 

additional internal fixation to transfer effort from the bone augment to the implant screw 

system. A high concentration of stresses was also found at the places where screws attached 

the acetabular component to the bone. Among the four methods of fixation, the best was 

double rod systems with stems and iliac screws, which yielded the lowest values of maximum 

stresses and the least pelvis migration. 

Paper [31] presents a modular prosthesis that features customizable shape and size 

used for reconstruction of the lost half of the pelvis. The work offers a comparative analysis 

of stress distribution between the normal pelvis and restored pelvis at three static positions: 

sitting, standing on two legs, and standing on the leg on the affected side. Loads, the points of 

their application, and kinematic constraints on the degrees of freedom in this model are 

similar to the ones described in [12]. It is demonstrated that, in a normal pelvis, stress 

distribution is concentrated on the superior area of the acetabulum, arcuate line of the ilium, 

sacroiliac joint, sacral midline, and the superior area of the greater sciatic notch. In the 

restored part of the pelvis, stress distribution was concentrated in proximal area of the pubic 

plate, superior area of the acetabular socket, and the connection between the customized 

implant with the pelvic wing and sacroiliac joint. Overall, stress distributions in the 

postoperative and normal pelvis were similar in all three static positions. It is concluded that 

pelvic reconstruction with a modular hemiprosthesis had good biomechanical characteristics. 

Paper [28] describes a novel approach to implant design based on 3D printing 

technology and additive layer manufacturing (ALM). The method is perfect for designing 

anatomically conforming custom-made implants with internal porous structures that improve 

osseointegration at the bone - implant junctures. This technology was described in a study of 
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total hip arthroplasty with extensive acetabular bone loss and pelvic discontinuity [7]. Patient-

specific acetabular implants are first designed to ensure precise correspondence to the affected 

areas of the bone, and then manufactured using a 3D printer. 

Despite the recent achievements in hip replacement surgery, there remain a range of 

challenges that require further investigation of implant construction and materials, materials 

of the contacting bodies and many other issues. The finite element method is used in implant 

design and helps to answer unresolved questions related to clinical difficulties. 

Our primary objective was to perform strength testing of the acetabular component of 

a customized prosthesis for revision hip arthroplasty. Unlike in primary hip replacement, 

patients undergoing revision surgery have individual bone defects, which means that the 

standard solution, whereby prostheses are simply selected from a catalogue, may fail. 

Revision surgery will be have maximum chances of success and will ensure the durability of 

the construction if the prosthesis fairly precisely restores joint geometry and the mechanics of 

the patientôs movements. This is particularly important in revision surgery as every operation 

affects the quality of the bone and each successive surgery will  increase in complexity. This 

is what requires the use of customized implants designed with the help of computer 

engineering technology and additive manufacturing, which together allow achieving 

maximum precision and customization. 

This paper, which is based on a presentation [14], discusses the specific tasks of 

computer modelling of acetabular component revision in hip replacement. It presents results 

of finite element stress analysis of the system formed by the skeleton and hip prosthesis 

during two-legged standing. The main focus is on the calculation of the stresses in the pelvic 

component of the prosthesis under static loading produced by the tightening torque of screws 

inserted into bone and the patientôs weight. 

MATERIALS AND METHODS 

Objective 

A total replacement of the patientôs right hip joint by an artificial endoprosthesis 

 was performed at Russian Scientific Research Institute of Traumatology and Orthopedics 

named after R.R. Vreden (St. Petersburg). As indicated clinically, a portion of the ilium, 

which forms part of the pelvic bone system, was removed along with the acetabular socket, 

which acts as the hip-femur juncture. As a considerable part of the ilium was removed, a large 

titanium implant was put in its place, with porous coating to ensure effective osseointegration 

over time. Initial implant fixation was performed using a titanium plate and medical screws to 

secure the prosthesis in the pelvis. The plastic cup (liner) of the prosthesis was cemented to 

the artificial acetabular socket created using a titanium implant, ensuring that the cup and 

bone surfaces fit snugly together. Relatively standard surgical procedures to put in place the 

femoral component were also performed. 

During the preoperative clinical assessment, we used CT and standard software to 

generate 3D geometric models of the hip system formed by the sacrum, femoral heads, and 

left and right pelvic bones including ilia and acetabular sockets. 

Because the goal was a detailed stress analysis of the acetabular component of the 

prosthesis at the juncture with the ilium, no 3D models of the femur were designed. The goal 

of computer modelling of the two-legged stance is shown in Fig. 2. 

The femoral component of the prosthesis is shown relatively roughly as a simple 

cross-section rod in order to retain the characteristic sizes of the entire skeleton - prosthesis 

biomechanical system.Given symmetrical loading from the body weight and working 

muscles, for a significant reduction in calculation time, it is reasonable to consider one half of  
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Fig. 2. Formulation of the problem for calculation  

of strength of the skeleton - hip prosthesis system 

 

the computational domain, even though in reality only one half of the hip joint was replaced 

with a prosthesis. Therefore, in Fig. 2 the left side of the system was obtained by 

symmetrically mirroring the right side. It is assumed that replacing the hip joint with an 

artificial implant should ensure proper functioning of the human musculoskeletal apparatus 

and has been performed without making considerable changes to the general distribution and 

effects of the forces from the main motor muscles. 

Finite element models 

Geometric spatial models of the sacral and pelvic bones were processed, positioned 

and revised using the Solid Works software system for automated design (Dassault Syst¯mes, 

USA) [14]. 

The design of spatial finite element meshes based on 3D geometric models, 

development of the full computational model, configuration and solution were performed 

using the ABAQUS CAE computer engineering software system (Dassault Syst¯mes, USA). 

The computational model consists of three structural groups: the pelvis and sacrum, 

acetabular component, and femoral component. The main groups of components of the finite 

element model simulating the skeleton - prosthesis biomechanical system are shown in  

Figs. 3, 4. 

The pelvis is assumed to be formed by a 0.5 mm external layer of compact bone 

(cortical bone) and spongy substance that fills in the remaining internal volume 

(trabecularbone) (see Fig. 3). This group also includes the half of the sacrum tightly attached 

to the bulk of the pelvis.  

The femoral component group comprises the titanium femoral component of the 

prosthesis that replaces part of the ilium, a plastic cup, and bone cement holding the liner in 

the implant (see Fig. 4). As mentioned above, the model of the femoral bone with the 
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prosthesis isnot considered in this formulation of the problem, and the femoral component is a 

modelled as a simple construct formed by a 3D stem and ball corresponding to the inner 

diameter of the implant cup.  

Finally, the acetabular component may be considered to include an all-metal titanium 

plate, porous titanium augment, and special screws used to fix the metal components to 

thehealthy part of the pelvic bone (see Fig. 4). 

Frontal and lateral views of the complete finite element model of the skeleton - 

prosthesis system are shown in Fig. 5. The principal element used for the majority of 3D parts 

of the system is the linearly elastic tetrahedral finite element with three translational degrees 

of freedom in the node.  

 

Fig. 3. Right pelvis and sacrum group 

                        a                                                                                  b 

Fig. 4. Prosthetic components group: femoral component group (a),  

acetabular component group (b) 
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The exception is the porous titanium augment replacing part of the ilium in the area of 

the acetabular socket. Because this detail was made of titanium with a considerably degree of 

porosity (70%), its finite element model was built using beam elements with translational and 

rotational degrees of freedom, forming a spatial construct from basic cells. 

Quantitative characteristics of the finite element mesh of the biomechanical system 

components have the following values: 

Å pelvic bone: 1 080 000 elements, 500 000 nodes; 

Å titanium implant: 800,000 elements, 160 000 nodes; 

Å bone cement: 360 000 elements, 75 000 nodes; 

Å liner (cup): 210 000 elements, 40 000 nodes; 

Å titanium plate: 180 000 elements, 40 000 nodes. 

 The total number of finite elements in the skeleton - prosthesis computational model 

was 2 800 000, while the total number of degrees of freedom, which determines the size of the 

global stiffness matrix, was approximately 6 060 000. The computations were done on a work 

station with a 6th generation Intel i7 processor, 32 GB RAM.  

Characteristics of materials 

Hookeôs body was taken as the main mathematical model for materials used in the 

finite element components of the biomechanical construction. Despite the presence of bone 

tissue microstructure and porous titanium augment, all the materials were regarded as 

homogenous, with isotropic effective properties.  

 

                                       a                                                  b 

Fig. 5. Computational model of the skeleton-prosthesis  

biomechanical system: front view (a), right view (b) 
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The review of literature on the values of density, elasticity module, Poissonôs ratio, 

stress limits and the coefficient of friction in contact pairs showed a fairly large range even for 

standard materials such as titanium, polyethylene and bone cement (Tables 1, 2). Therefore, 

as a rule, average values from the value range were chosen for calculations (bold in Tables 1, 2). 

 
Table 1 

Physical and mechanical properties of materials 

Material 
Elastic modulus, 

GPa 

Critical stress, 

MPa 
Poisson's ratio Density, g/cm

3
 

Ti6Al4V Titanium 

(all metal parts) 

105-110-115 

[4] 

1020-1065- 

1110 [4] 

0.3-0.34 

[4, 20] 

4.4-4.41 

[4, 20] 

Compact bone (cortical 

bone) 

9.6-10-17.4 

[26, 20, 5] 

80-100.5-121 

[20] 

0.2-0.3-0.32 

[26, 20, 5] 

1.0-1.47-1.94 

[20] 

Spongy substance 

(trabecular bone) 

0.5-1.5 [26, 5] 

4.45-14 [21] 

48-53.5-59 

[20] 
0.3 

[26, 20, 5] 

0.5-1.19- 

1.87 [20] 

Bone cement 
2.177 [24] 

23.9-26.5 [20] 
95.9 

[24] 
0.4 

[20] 

1.57 -1.785 -2 

[20] 

Polyethylene (acetabular 

cup liner) 
25 [26] 

12-23.5-35 

[9] 
0.35 

[26] 

0.9-0.93-0.96 

[9] 

 

Table 2 
Coefficients of friction for pairs of materials 

Pair of materials Coefficient of friction 

Titanium (Ti6Al4V) - Titanium (Ti6Al4V) 0.3-0.55-0.8 [20], 0.15 [17] 

Titanium (Ti6Al4V) - Cortical bone 0.1-0.2 [20] - 0.3 [17] 

Titanium (Ti6Al4V) - Trabecular bone 0.3 [17] 

Titanium (Ti6Al4V) - Polyethylene liner 0.1-0.15-0.2 [20] 

Cortical bone - Bone cement 0.5 [17] 

Trabecular bone - Bone cement 0.5 [17] 

Loads and kinematic constraints 

In the original formulation of the problem, a force equivalent to the patientôs weight is 

applied at the center of gravity located in the human body plane of symmetry (Fig. 2). As 

shown by static equilibrium equations, in bipedal standing it is balanced by the reaction forces 

of the supports that may be considered as equal to half the patientôs weight. From the 

computational point of view, it is more convenient to fix the sacral area considering the pelvis 

to be stationary, and apply the load to the area at the end of the simplified model of the 

femoral component. Therefore, the following types of constraints on the translational degrees 

of freedom in the nodes of the finite element mesh (Fig. 6) were chosen as kinematic 

boundary conditions for the computational model: 
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1) Symmetry conditions in the form of prohibition of normal displacement in the 

nodes of elements at the hip bone plane of symmetry (blue-orange area in Fig. 6). 

2) Rigid fixation of the area of the sacrum, which articulates with the pelvis, through 

setting zero displacements in the finite element nodes (orange area in Fig. 6). 

3) Fixation of the mesh nodes on the lower surface of the prosthesis stem to prevent 

displacement in the lateral plane while retaining their ability to move in the vertical direction 

(red arrow in Fig. 6), which is necessary to be able to apply the force corresponding to the 

patientôs weight. 

In this finite element model of the skeleton - prosthesis biochemical system, force 

boundary conditions are formed by two types of loads applied.  

First, this is the 650 N reaction force of the support surface, equivalent to the patientôs 

weight (130 kg). It is shifted along the line of action so to be applied to the center of the lower 

surface of the femoral component stem model in the direction of allowed vertical degree of 

freedom.  

Secondly, external loads include specific forces that arise with the tightening into the 

volume of the hip bone of medical screws that pull the titanium components of the implant 

(the large porous titanium augment and titanium plate) to the hip bone. As the precise value of 

torque with which the surgeon tightens the screws is typically unknown, the magnitude of 

tension forces for cortical screws with a thread diameter of 4.5 mm was taken as 500 N. This 

value is confirmed both by literature data [10] and our own experiments conducted to assess 

the maximum axial force corresponding to the beginning of bone destruction during the 

tightening of screws. 

As the finite element model consists of several structural components that contact and 

interact with one another with varying intensities of constraints, contact interactions are 

introduced between corresponding surfaces. In this computational model, there are two types 

of contact pairs formed by contacting surfaces of spatial parts of the model depending on the 

degree of articulation between them.  

Fig. 6. Boundary conditions imposed on the model 
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The first group comprises the parts of the system that allow sliding and separation 

relative to one another, which is described by contact interaction with a possibility of relative 

displacements. This group comprises the following main contact pairs: 1) titanium head of the 

femoral component and polyethylene liner of the acetabular component; 2) porous titanium 

augment and pelvic bone; 3) titanium plate and pelvic bone; 4) screw heads and surfaces of 

the titanium plate. By including in the first group the porous titanium augment that creates an 

artificial acetabular socket, we meant that the performed computer calculations correspond to 

the initial stage after the hip replacement, when the bone has not yet grown into the pores of 

the prosthesis, and, consequently, micro - migration of the implant relative to the hip bone is 

still possible. 

The second group comprises the parts of the system that, based on medical, biological 

and physical assumptions, must be rigidly attached to one another during the osteosynthesis 

surgery. 

These include: 1) medical bone cement and the polyethylene liner of the acetabular 

component; 2) medical bone cement and the porous titanium augment; 3) titanium plate and 

porous titanium augment; 4) screw shafts and bone matter. 

At the end of this section, it should also be noted that the model does not regard the 

hip bone as separate from the sacrum. As any contact pair has a major effect on the 

convergence rate of the iterative solution, to reduce the calculation time and considering the 

sacrumôs remoteness from the area of interest, it was assumed that the volumes of the sacrum 

and the hip bone could be joined into a single body. The calculations were carried out in two 

stages with consecutive application of the tightening forces of the screws and the patientôs 

weight. Assumptions were made about small deformations that arise in the elements of the 

construct and the absence of stress relaxation effects for all the types of materials included in 

the model. 

RESULTS AND DISCUSSION 

Modal analysis 

Modal analysis is usually carried out to determine the natural frequencies and the 

corresponding vibration modes, but it can also be used as a starting point for solving non-

stationary problems. A correct numerical model should have no zero-frequency modes in 

modal analysis. This prerequisite guarantees that all of the contact interactions will be 

accounted for and there will be no disconnected elements in the model. 

This paper examines the static problem of two-legged standing, and consequently, 

rather than employing modal analysis to investigate the mode frequencies and shapes of the 

skeleton - prosthesis system, we used it to verify the finite element model and, in particular, to 

check the workability of contact interactions and kinematic boundary conditions. 

Fig. 7 presents the first mode shape corresponding to the lowest frequency of free 

vibrations equal to 178 Hz. 

Analysis of the mode shapes shows that the finite element model behaves correctly as 

a single construct, performing free vibrations with selected constraints at natural frequency 

lying within acceptable number range [18]. 

 

Stress analysis of the prosthesis model 

 This section provides the results of stress computations and assesses the strength of 

the biomechanical construct elements comprising the main components of the artificial hip 

joints, taking into account both types of loading: tightening forces of the screws and the 

patientôs weight.  
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Fig. 8 shows the von Mises stress intensity distribution for the titanium femoral 
component of the prosthesis. The stresses are concentrated on the surface of the internal angle 
of the prosthesis stem at the juncture of the oblique and vertical parts of the prosthesis. 
Maximum stresses reach 148.2 MPa, which is considerably lower than the titanium ultimate 
tensile strength of 1065 MPa (Table 1). As could be expected, the simplified model of the 
femoral stem designed without considering the real shape and sizes of the stem fulfill strength 
requirements with a large margin because the section size of the rod simulating the stem was 
chosen a priori larger than the actual values.  

The von Mises stress intensity distribution for the polyethylene liner is shown in 
Fig. 9. The largest concentration of maximum equivalent stresses is found in the area of edge 
contact interaction. 

Stress plashes in individual points are irregular and localized, which is determined by 
singular edges and, possibly, weak finite element approximation of the computational domain. 
By neglecting these 3 plashes reaching up to 59.8 MPa and most likely arising through 
numeric errors, it may be concluded that, in accordance with Table 1, the liner retains its 
strength. A more precise stress analysis is possible if the prosthetic cup and the acetabular 
component are regarded as a separate construct, and if computations are made with a more 
detailed finite element mesh near the edge of the liner. In addition, it may be needed to flatten 
the right angle between the surfaces and take into account the elastic and plastic behavior of 
the material. 

The distribution of equivalent stresses that arise in the bone cement model is also 
markedly localized (Fig. 10). Maximum stresses reaching 37.4 MPa are concentrated in the 
narrow area where the cement attached to the pelvic bone surface, and also between the 
contacting areas of the cement and titanium implant. However, in general it can be seen that 
bone cement almost does not experience considerable mechanic stress. In accordance with 
Table 1, the strength requirements for the bone cement are fulfi lled with a safety factor >2.5. 

The next group of components in which stress analysis is vital to assess their strength 
is the titanium plate and porous titanium augment. 

Fig. 7. Mode shape corresponding to the first natural frequency (178 Hz) 
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Fig. 11 shows the von Mises stress intensity distribution for the plate used for initial 

fixation of the implant. The maximum stresses are largely concentrated near the screw holes 

and in the area of contact interaction with the bone caused by the local strain of titanium 

screws. Strength requirements are fulfilled with a significant safety factor >3.5 (Table 1). 

Such low values of equivalent stresses and the general stress distribution pattern suggest that 

the construct is suboptimal in terms of geometric and mass characteristics. 

 

 

 

 

 

Fig. 8. Von Mises stress intensity for the femoral component 

 

 

Fig. 9. Von Mises stress intensity for the polyethylene liner 

 


