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1. Introduction 

In orthopedic, osseointegration is described to be affect by 

many reasons, implant design, surface treatment, bone quality, 

surgical technique, post-operative care.1 According different 

investigations the less stiff implant to improve fracture healing 

and prevent bone weakening due to stress shielding.2 But, it is not 

totally exact to say that bone implant with high stiffness causes 
excessive stress shielding, because beyond the stiffness that is 

characterized by the material property, the cross-section geometry 

has an influence in conjunction.2 According the imposed 

mechanical loads, stresses and strains can induce morphological 

changes and bone weakening for a revision implant, particularly 

with the use of uncemented implants.3  

The implant material and dimension are one of the dominant 

problems and affect the developed stress levels into the bone 

resorption.1,4 Femoral implant is made using materials such as 

metals, ceramics, polymers and composites.5 Metallic 

biomaterials are important and used to improve the patient quality 

life. Moreover, the bio functionality of these materials needs to be 
improved6 in order to create new materials with low stiffness. The 

cobalt-chromium-molybdenum is about ten times stiffer than bone 

and the alumina is about nineteen times stiffer than bone.5 The 

stiffness can be a problem, associated with the stress shielding, 

——— 

 Elza M. M. Fonseca; elz@isep.ipp.pt 

related to the difference between the bone stiffness and implant 

material. Titanium alloy has low modulus of elasticity as 

compared with the previous materials.5 New metallic alloy 

materials, like titanium alloys with low Young modulus are 

referred by different authors as promise in different applications.6,7 
Decreasing the implant material stiffness, would be expected an 

increase on the transferred load from the implant to the bone, 

hence decreasing the stress shielding.5  

Many publications present numerical and experimental 

simulations used to test different femoral components combined 

with different shapes and materials.4,8,10 Other developed works 
show the importance in study microelectromechanical systems 

and living organisms that help the scientific communities to 

understand the mechanics and biological structures. For this 

reason, carbon nanotubes, classified as microtubule-stabilizing 

agents, hold a substantial promising application in cancer therapy 

in conjunction with other cancer treatments.11 Relevant studies 
showed a size-dependent model for the stability analysis of carbon 

nanotubes stabilized microtubules under radial and axial loads.11 

Other research showed a detailed parametric study conducted to 

investigate the effects of the elastic constants of surrounding 

medium and internal filament matrix of piezoelectric nanoshell 

and temperature change on the smart control of microtubules.12 
All of these findings and conclusions have great significance in 
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This work presents a numerical approach in order to predict the influence of implant 
material stiffness in a femoral component design when submitted in compression. 
The implant success depends on the transferred load to the neighboring bone. The 
finite element method can be used to analysis the stress and strain distribution in 
the femoral component allowing to improve the implant selection. For this purpose, 
2D axisymmetric computational models of an implant-cement-bone (Model 1), 
implant-bone (Model 2) and core implant-bone (Model 3) were constructed using 
the finite element method with ANSYS program. The finite element model was 
assumed a state of ideal osseointegration, where the cortical bone, cement and 
implant were assumed as perfectly bonded. Three different implant diameters were 
chosen and two materials considered, a typical titanium alloy and iso-elastic 
titanium alloy with low stiffness. The finite element analysis was carried out to 
calculate the von Mises stress, the shear stress and the strain energy density in all 
studied models. Also, an analytical procedure, based on the elastic stress theory and 
applied to composite materials for an axial load, was used to measure the load 
transferred to the bone. In all results, Model 3 with the vertical graded iso-elastic 
alloy in vicinity to the bone with high diameter has a good performance. 

Keywords: 

Stiffness 

Bone 

Numerical model 

Load transferred to the bone 

 

 



Carreiras et al. 

404 

 

biomechanical behavior on the transferred load to the bone and 

always will give more information about the better performance, 

dependent of the chosen material and implant size.  

The implant success depends on the manner in which loads are 

transferred to the surrounding bone13 and leads to decrease the 

stress shielding effect. Also, all the contribution to reduce the bone 

resorption, which is the process by which the bones are absorbed 

and broken down by the body, should be investigated according 

the need transferred load to the bone. Stress shielding in bone 
occurs when some of the loads are taken by implant and protected 

from going to the bone.9  

Our work gives additional information about the developed 

stresses and transferred loads to the bone using lesser expensive 

computational models (two dimensional (2D) axisymmetric 

planes). The finite element analysis was carried out to calculate 
the von Mises stress, the shear stress and the strain energy density 

in all studied models. A simplified equation is used to compare the 

effect between cemented and uncemented femoral components 

with an implant core variable stiffness. Three different implant 

diameters were chosen and two materials considered, a typical 

titanium alloy and iso-elastic titanium alloy with low stiffness. 

The goal of this work is to enlarge the knowledge of the 

cemented and uncemented femoral components, increasing the 

results with numerical models, where the authors of this study 

have different investigations.8,14,15 It is intended to increase studied 

works among authors, with all type of results that a computational 

model can showing, and adding the study with an implant with 
core variable stiffness.  

According this purpose, the main objectives were as follow: 

- Study the load transferred to the bone in all models, implant-

cement-bone (Model 1), implant-bone (Model 2) and core 

implant-bone (Model 3). 

- Study the stress and strain at radial length, from internal to the 
lateral bone side, in all models. 

- Study stress at bone length interface, since proximal end to 

distal end, in all models. 

2. Materials and methods 

2D axisymmetric computational models of an implant-cement-

bone (Model 1), implant-bone (Model 2) and core implant-bone 

(Model 3) were constructed using the finite element method with 

ANSYS program. The numerical model is structural and linear, 

using 2D axisymmetric plane elements with 8 nodes, PLANE183.  

The finite element analysis was assumed a state of ideal 

osseointegration, where cortical, cement and implant were 

assumed to be perfectly bonded. Figure 1 shows all 2D 

computational models in study and the respectively used mesh. 

Mesh convergence tests were carried out to minimize the 

computational error. A regular mesh was considered with a size 
finite element equal to 1 mm. Both models have the same regular 

mesh to allow the better comparison. 

All materials were assumed linear elastic, homogeneous and 

isotropic. The corresponding elastic properties such as Young's 

modulus (E) and Poisson ratio () were determined from the 

literature.9 The model consists of a homogeneous cortical bone 
(Eb=20GPa), cement bone (Ec=2GPa), titanium alloy 

(Ei=115GPa) and iso-elastic titanium alloy (Ei=40GPa) with 

Poisson of 0.3. The implant material is titanium alloy or iso-elastic 

titanium iso-elastic titanium (Ti alloy (ISO)), respectively for 

Model 1 and 2. In the Model 3, a vertical functionally graded 

combination between the two materials was considered. 

In all models, the bottom edge on Y-axis was assumed to be 
fixed. An average compression applied load of F=700N was 

determined from the literature and imposed in the model head.9 

The outside diameter of the bone is equal to db=30mm and a solid 

implant diameter D vary between 6, 10 and 14mm. In cemented 

femoral component (Model 1) the cement diameter is equal to 

dc=20mm. In the Model 3 the dimensions are equal to Model 2, 
where the implant assumes two different materials, as a vertical 

graded material (D1 and D2).  

The finite element analysis was carried out to calculate the von 

Mises stress, the shear stress and the strain energy density in all 

studied models, produced by the compressive load and the effect 

of implant material and diameter. 

 

Figure 1. Different models in study. 
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Table 1. Load transferred to the bone, function of implant diameter and material 

 

 

3. Results and discussion 

3.1. Load transferred to the bone obtained with elastic stress 
theory 

A simplified equation (1), based on the elastic stress theory 

applied to composite materials for an axial load, should be used to 

measure the load transferred to the bone. 

𝐹𝑏

𝐹
=

𝐴𝑏  𝐸𝑏 

𝐴𝑖 𝐸𝑖 + 𝐴𝑐  𝐸𝑐 +𝐴𝑏 𝐸𝑏 
                                                    (1) 

Fb is the internal load transferred to the bone, F is the applied 

force, E is Young's modulus and A the cross-section area. Symbol 

i for material implant, b for bone, and c for cement (Model 1) or 
material implant D2 (Model 3) or c equal to zero (in Model 2). All 

produced results according this equation are represented in table 1 

or figure 2. 

A comparison between all models, it was demonstrated that 

material with lower stiffness increases load transferred to the 

bone, generating less bone resorption, with more relevance in the 
Model 2 (uncemented) when compared with the Model 1 

(cemented implant).  

Consequently, to increase the load transferred to the bone, 

lesser solid implant diameter with lower stiff material could be the 

chosen option, as Model 2 with iso-elastic titanium (Ti alloy 

(ISO)) and dimeter D=6.  

Using the Model 3, with the vertical graded material it is found 

that when the material is iso-elastic titanium (Ti alloy (ISO)), 

neighbored to the bone and lower implant diameter the load 

transferred to the bone also increases, when compared with the 

material in titanium, neighbored to the bone.  

Comparing all models, the lesser implant diameter D=6 
solution with the iso-elastic titanium (Ti alloy (ISO)) vicinity to 

the bone (Model 2 or 3) produces the most load transferred to the 

bone. The worst situation is the higher implant diameter D=14 

solution with the titanium alloy (Model 1). 

 

Figure 2. Load transferred to the bone (Models 1, 2 and 3). 
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Table 2. Comparison of results, Model 1 

 

Table 3. Comparison of results, Model 2 

 

Table 4. Comparison of results, Model 3 

 

 

3.2. Stress and strain at radial length, from internal to the lateral 
bone side obtained with analytical and numerical results 

Based on the elastic stress theory and using Hooke´s law, the 
definition of stress applied to composite materials for an axial load 

should be calculated with equation (2). 

𝜎𝑘=𝑖,𝑐,𝑏  =
𝐹 𝐸𝑘=𝑖,𝑐,𝑏 

𝐴𝑖 𝐸𝑖 + 𝐴𝑐 𝐸𝑐 +𝐴𝑏 𝐸𝑏 
                                          (2) 

F is the applied force, E is Young's modulus and A the cross-
section area. Symbol i for material implant, b for bone, and c for 

cement (Model 1) or material implant D2 (Model 3) or c equal to 

zero (Model 2). k is the stress calculated in the material implant, 

cement or bone.  

Tables 2, 3 and 4 shown the stress calculation, using the 

equation (2) and the obtained numerical results. It is possible to 
compare the results in all models in study. The numerical values, 

as a constant value for each femoral part, agree with the analytical 

results. The calculated percent error, in relation to the analytical 

values, is low. The higher error value is lesser than 5.4%, which 

represents a good agreement. Due this observation, the following 

results are obtained from numerical simulations, which allow a 
global study in all models.  

Figure 3 shows all numerical results about the von Mises stress, 

from inside implant diameter to lateral bone side. 

The load transferred to the bone increases with the lesser 

implant diameter and the lower stiff material, this is why, the level 
of von Mises stress in the bone is lesser compared with other 

solutions. The level of von Mises stress is higher in stiff implant 

material and decreases if implant diameter increases. Model 1 has 

three different baselines due the cement effect, where the von 

Mises stress has lower value. In the Model 2 (uncemented 

implant) the stress is less, and more constant in iso-elastic titanium 
(Ti alloy (ISO) implant material. In the Model 3 the stress is 

similar to the Model 2, the difference is in the core region of the 

implant material. Iso-elastic titanium (Ti alloy (ISO)) implant 

material in vicinity of the bone and higher diameter produce the 

lesser von Mises stress at radial implant section. 

The elastic strain energy density U represents de recoverable 
part of the energy per unit volume in the model, stored in the 

differential material element, that is half the scalar product of the 

stresses σ and the strains ε. Equation (3) represents the strain 

energy density.  

𝑈 =
1

2
 𝜎 𝜀                                                                             (3) 

Figure 4 shows the values of the strain energy density in the 

studied models, at radial length, from internal implant diameter to 
the lateral bone side. The level of a bone strain is relating to the 

stimulus which leads to the bone remodeling.16  
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Figure 3. von Mises stress (Models 1, 2 and 3). 

The numerical results of the distribution of the strain-energy 

density in all models shown that, the most flexible implant 

material is the Model 2 (uncemented) and the most rigid implant 
material is Model 1 (cemented). The lesser diameter and titanium 

material implant exhibited higher strain energy density than that 

of the iso-elastic titanium (Ti alloy (ISO)) implant material. High 

concentration of the strain energy density may cause damage and 

subsequent bone absorption around the implant. It is clearly 

observed that the strain energy density around the implant was 
dramatically reduced by the cement (Model 1). Nevertheless, this 

fact, in the bone region the strain energy increases when 

comparing Model 1 with Model 2. Model 3 has a similar behavior 

with Model 2. All the conclusions for the elastic strain energy are 

very close to the previously mentioned for the von Mises stress. 

Figure 5 shows the numerical results of the shear stress at radial 
length, from internal implant diameter to the lateral bone side.  

 

 

Figure 4. Elastic strain energy density (Models 1, 2 and 3). 

About shear stress, the results could represent the interaction 
effect in the implant material interface. The maximum shear stress 

for both models are concentrated between the implant to the bone 

interface, decreased gradually towards the lateral bone side.  

Model 1 represents two peaks of stress for implant material in 

titanium and lesser implant diameter, similar to the iso-elastic 

titanium (Ti alloy (ISO)) implant material. The peaks present are 
near to the interface implant to bone.  

In the Model 2 the level of shear stress is lower compared with 

the other solutions.  

Model 3 represents one peak at the interface, between the 

implant core and the bone region. The worst value is for iso-elastic 

titanium (Ti alloy (ISO)) in implant core material and titanium 
vicinity of the bone with smaller implant diameter. For the same 

implant material, when diameter is higher the shear stress 

decreases. 
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Figure 5. Shear stress (Models 1, 2 and 3). 

3.3. Stress at bone length interface, since proximal end to distal 
end, obtained from numerical results 

Figure 6 and 7 represent the von Mises and shear numerical 

values obtained over the bone length interface. The comparison 

between all models, it was demonstrated that the most von Mises 

or shear stress are near the proximal end and decreasing regarding 
the distal end, as reported by 9. 

It is found that the minimum von Mises stress values is 

occurred using cemented implant (Model 1). However, the values 

of von Mises stress at the bone length interface are increased using 

Model 2 (uncemented implant). Model 2 with small implant 

diameter and high stiff material produce high von Mises stress 
level. In the Model 3, the level of von Mises stress is high, where 

the lower and constant stress is obtained using material titanium 

in implant core and the higher implant diameter. 

As a result, flexible implant produces less stress level, therefore 

less stress shielding in the bone, as reported by 10.  

 

 

Figure 6. von Mises (MPa) at bone length interface (Models 1, 2 and 3). 

One problem with flexible implant is the enhancement of 

relative interface motions when implant is uncemented.13 

Nevertheless, it is important to combine the effect with interface 

shear stress. Shear stress is found at the bone interface and with 

high effect localized proximally, as reported by other authors.13 
Shear stress presents a high risk for failure at the interface.  

In the Model 1, due the cement effect, the peak of shear stress 

is very similar between materials and used implant diameters, and 

lesser when compared with the other models.  

Model 2 represents localized high shear stress, at proximal end, 

where the influence of stiffer material and lesser implant diameter 
allow the most critical peak. Iso-elastic titanium and the 

combination with higher implant diameter allow lesser shear 

stress.  
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Model 3 represents lesser shear stress in comparison with the 

Model 2, when the vertical graded has Ti alloy (ISO) vicinity to 

the bone and higher implant diameter.  

 

 

Figure 7. Shear stress (MPa) at bone length interface (Models 1, 2 and 3). 

According the research from17, increasing cement thickness, 

tensile stress is reduced by fifty percent and shear stress at least 
twelve percent.  

This type of observation was verified in our models, when the 

same implant (diameter and material) was used in the Models 1 

and 2.  

The level of stress is more reduced always in Model 1. Model 

3 (core titanium-Ti alloy (ISO)-bone) is an alternative to produce 

lower stress level with the higher implant diameter. 

4. Limitation 

There are some points to discuss the limitation of our study. 

The major limitation is that some of our data were based on 

published articles, where our femoral component was assumed as 

specific for our study.  

Our studied femoral component, as a numerical model, may not 
reproduce the similar condition in another model. The use of 

patient geometry is mandatory for a thorough clinical clarification. 

The bone mechanical properties were assumed to be isotropic, 

independent of gender and age, and only the cortical part was 

included.  

Nevertheless, the studied model produced relevant conclusions 
that it is important to give attention, where the materials 

combinations played a significant importance. In future studies, 

based in previous, the cortical and cancellous bone should be 

considered, as orthotropic material. This drawback seems 

unavoidable to extend our contribution. 

5. General conclusions 

The maximum stresses occur at or very near the implant cement 

interface, indicating the probability of debonding, as an initialing 

mechanism in the implant loosening process.17  

The level of shear stresses is in the same range as the von Mises 
stress, whereby it is important to consider due the probable failure 

models.  

Flexible implants reduce stress shielding and bone resorption, 

however they increase interface stresses10, as the previous 

obtained results.  

In all models, the strain energy density and von Mises stress 
were severely concentrated around the implant, being the 

concentration in the Model 1 was higher than in the Model 2 and 

3, suggesting bone absorption around the implant of the Model 1.  

About the proposed Model 3, in all results, the vertical graded 

Ti alloy (ISO) in vicinity to the bone with high diameter has a 

good performance, figure 8.  

Also, lesser implant diameter and the iso-elastic titanium (Ti 

alloy (ISO)) material, vicinity to the bone (Model 2 or Model 3), 

produce the most load transferred to the bone. Nevertheless, 

Models 2 and 1 have a behavior, that were possible to obtain good 

solutions.  

Figure 8 shows the numerical results obtained for the Model 3 
(core titanium-Ti alloy (ISO)-bone; D=14), using the 2D 

axisymmetric plane element, which it allowed possible to generate 

a 3D solid of revolution, to analyze the previous discussed. .



Carreiras et al. 

 

410 

 

 

 

Figure 8. Numerical results of the Model 3 (core titanium-Ti alloy (ISO)-bone; D=14). 
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