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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

Dental implants are in general made of titanium, since this material promotes a stable and functional connection between the 
bone and the surface of the implant. Efforts produced during the chewing cycles may interfere with this union, affecting the 
process of osseointegration and eventually compromising the stability of the implant. 
Given the difficulty in working with bone in vivo, in the present study two implant systems were inserted in polymer samples, 
known as Sawbones, which simulate the structure of trabecular bone. The performance of the implants was evaluated through 
experimental fatigue tests. The qualitative analysis of the damage in the structure of the samples was performed using scanning 
electron microscope images. Determination and comparison of stress fields and deformations at the Sawbone-implant interface 
using an analytical model of indentation and the finite element method (FEM) to model indentation and penetration were 
undertaken.  
The experimental results showed that the performance of the Morse taper implant was greater than the external hexagonal 
implant when both were tested cyclically in samples of different densities. It was shown that the diameter, length, density and 
type of implant-abutment interface affected the behaviour of the implants. The numerical results of indentation model were very 
similar to those obtained by the analytical model. The results of the FEM penetration model had the same tendency as the 
experimental values and the indentation analysis with increasing the density of the polymer foam. It could be concluded that, as 
in foams, the increase of the bone density will induce an increased stability to the implants. 
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1. Introduction 

Nowadays, dental implants are the ideal solution for lack of dentition, being considered the best alternative after 
natural teeth. However, in spite of the latest advances in dentistry, implants are still likely to fail. Complications at 
the bone-implant interface, such as bone loss, occurrence of micromovements and stress concentration at the surface 
of the bone and the implant, are very common phenomena, which reveal the need of solution to keep the stability of 
the implant and the process of osseointegration. 

A weak primary stability is one of the major causes contributing to the flaw of implants (Javed and George, 
2010). Therefore a high primary stability assures a high resistance of the implant to micromovements, which is very 
important for a successful osseointegration, since the implant shall not be subject to micromevements higher than 
150 μm (Javed and George, 2010).  

The factors that influence the primary stability are bone density, the type of surface and the surgical technique 
used. When an implant is placed, the primary stability will depend firstly on the quantity and quality of cortical and 
trabecular bone available for the fixation of the implant (Javed and George, 2010). Bone density is, amongst all, the 
most related influencing factor of primary stability. 

To evaluate different types of implants available in the market, mechanical tests are fundamental, as it is possible 
to analyse the performance of the tested material, when submitted to different loadings, in different substrates. 
Amongst the different possible mechanical tests, fatigue tests take an important role in the mechanical 
characterization of the implants. Throughout time, the implants will be subject to different types of loadings, 
resultant of the chewing cycles of one individual, reason why it is of the highest importance to submit them to these 
types of tests, under different levels of loading, with the goal of predicting its fatigue life. 

From a biomechanical perspective, a well-succeeded osseointegration depends on how the stresses and 
deformations are transmitted to the bone and its surrounding tissues, being key-factors for the success of dental 
implants. Many variables affect the way how stresses and strains are transmitted to the bone, such as the type of 
loading applied, the length and diameter of the implant, its geometry and surface, the bone-implant surface, and the 
quality and quantity of surrounding bone. FEM allows to analyse the influence of each one of this variables, and for 
that reason it has become the most useful and used tool to locate and predict flaws in any mechanical system. 

Given the difficulties to working with trabecular bone, synthetic polyurethane foams are widely used as 
alternative materials to this type of bone in several biomechanical tests, due to the fact that these materials present a 
similar cellular structure and consistent mechanical characteristics (Palissery et al., 2004). 

In the present work a set of fatigue tests were performed, according to the ISO 14801 standard. Each implant was 
inserted in polymeric samples, with different densities, simulating different bone types, with the aim of assessing the 
stability of the implants and the deformation level in the Sawbone-implant system. This study was complemented 
with an analytical and numerical analysis, where CAD geometries, similar to the test specimens, were generated, 
through which it was possible to determine deformation fields and Sawbone-implant interface stress. 

 
Nomenclature 

a contact radius 
E Young modulus 
𝑝𝑝𝑚𝑚  mean pressure 
r radial distance 
𝜎𝜎𝑟𝑟 radial stress 
𝜎𝜎𝑧𝑧 normal stress 
𝑢𝑢𝑟𝑟 radial displacement 
𝑢𝑢𝑧𝑧 normal displacement 
𝜈𝜈 Poisson coefficient 
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2. Materials and methods 

2.1. Preparation of test specimens 

The insertion material used consists on rigid polyurethane foams, known as Sawbones. Three types of these 
foams were selected, with the purpose of covering a certain range of densities, namely the Sawbone 10 which is the 
one with lower density, Sawbone 12 is the densest foam and Sawbone 11 is the one with intermediate density. It’s 
important to establish a relation between the density of each Sawbone and the bone density. According to the Misch 
classification for bone density (Misch, 2008), it could be assumed that the Sawbone with lower density aims to 
simulate a D3 bone type, which is, a thin trabecular bone (less dense) and with a thin cortical part. The Sawbone 12, 
the denser used during the tests performed, represents a D1 bone type, which corresponds to a dense cortical part 
with a trabecular part less dense, and finally, the Sawbone 11, was associated to a D2 bone type. In order to simulate 
the cortical part of the bone, an epoxy resin was used to replicate the cortical properties of the bone. Table 1 presents 
the correspondence between the different Sawbones and the bone density according to Misch. 

   Table 1. Different Sawbones and bone density according to Misch 
Sawbone Misch classification Density 

10 D3 Low 
11 D2 Mean 
12 D1 High 

An implant system is formed by the implant, abutment and a screw. For the experimental tests of fatigue, two 
types of implants were tested: the external hexagon and the Morse taper with the respective abutments, represented 
in figure 1. 

 
Fig. 1.Implant system used on the experimental tests (a) Morse taper; (b) external hexagon. 

The identification of the implant material type was made through the EDS technique. The results of such analysis 
showed that the implants are produced with commercially pure titanium (Ticp) degree 4. The preparation of the test 
specimens was made based on the surgical protocol and the drilling sequence recommended by the manufacturer. 
The implant insertion was done with a dental torque wrench, where the reading of the applied torque was possible, 
as shown in figure 2. 

 
Fig. 2. Preparation of the specimens (a) Sawbone structure; (b) insertion procedure. 

The average force applied to the test specimens corresponds to the lower and upper limits of the average chewing 
force of an individual. All the fatigue tests had a duration of 120000 cycles, conducted at 3 Hz and R = 0,1. The 
results were handled through displacement - number of cycle graphs. The identification of the flaw sites were made 
by SEM images. 
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2.2. Analytical model for indentation 

Several problems in the real world involve some sort of mechanical contact. The proposed model is one of 
indentation for elastic materials. This seeks, based on the mechanical theory of contact, to describe the deformation 
occurring on the Sawbone, resultant of the contact action from the implant (Fischer-Cripps, 2007). In a cylindrical 
indenter and for a radial distance smaller than the contact radius (𝒓𝒓 ≤ 𝒂𝒂), as show in equation 1, the contact pressure 
distribution is: 

 
𝜎𝜎𝑧𝑧
𝑝𝑝𝑚𝑚

= − 1
2 (1 −

𝑟𝑟2

𝑎𝑎2)
−12           (1) 

 
Below the indenter, the depth below the original free surface of the indenter is obtained by: 
 
𝑢𝑢𝑧𝑧 =

1−𝜈𝜈2

𝐸𝐸 𝑝𝑝𝑚𝑚𝑎𝑎
𝜋𝜋
2           (2) 

 
For a cylindrical indenter, the radial tension of the indented surface is given by: 
 

𝜎𝜎𝑟𝑟
𝑝𝑝𝑚𝑚

= (1−2𝜈𝜈)
2

𝑎𝑎2

𝑟𝑟2 {1 − (1 − 𝑟𝑟2

𝑎𝑎2)
1
2} − 1

2 (1 −
𝑟𝑟2

𝑎𝑎2)
−12        (3) 

 
The radial displacements at the indented surface are given by: 
 

𝑢𝑢𝑟𝑟 = − (1−2𝜈𝜈)(1+𝜈𝜈)
3𝐸𝐸

𝑎𝑎2

𝑟𝑟
3
2 𝑝𝑝𝑚𝑚 {1 − (1 − 𝑟𝑟2

𝑎𝑎2)
1
2}        (4) 

 
2.3. Numerical analysis: Finite element method (FEM) 

The generation of the finite element model was initiated with the creation of two distinct geometries for the 
implants, one smooth and other threaded, through the SolidWorks 2015 program, as shown in figure 3. These were 
the geometries used in the FEM penetration simulations. 

 
Fig. 3. (a) smooth geometry; (b) threaded geometry. 

The generation of the smooth geometry had the purpose of simplifying the model, which means it was used in a 
primarily analysis for the study of stresses and deformations that occur at the Sawbone-implant interface. Both 
geometries were imported to the ANSYS Workbench 14.5 commercial code. The analysis were made imposing a 
convergence to the von Mises stress of 7% for both geometries. Firstly, all materials were considered homogeneous, 
isotropic and linear elastic (Faegh and Müftü, 2010; Huang et al., 2008). Also was assumed that the implants are 
100% osteointegrated. For that, the bonded contact was used to simulate the contact between the different surfaces. 
For the boundary conditions, the lateral faces of the epoxy and all of the Sawbone faces are constraint to the three 
directions, x, y and z. 

A numerical study was also conducted to validate the equations presented in subchapter 2.2. Another geometry 
was generated for the indentation model. The convergence criterion of the mesh was 5% for the von Mises stress. 
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3. Results 

3.1. Fatigue tests 

The test curves clear revealed that in a first stage and for a low number of cycles the materials response was 
essentially linear elastic. There was a rapid accumulation of deformation caused by the bending and stretching of the 
cell walls. After this stage, the yield point was where the first cell collapse occurred. Then, after overcoming this 
peak, there was a slight decrease of deformation, a result of the softening of the material, registering lower 
deformation values temporarily. At the end of this phase, starts a level where the increased value of the deformation 
in the material was negligible with the increasing of the number of cycles. It was during this phase that occurred the 
plastic collapse phenomenon, with formation of plasticity on the membrane connection nodes of the cellular material 
due to the fact that had exceeded the threshold value of the total plastic moment when was applied a normal force to 
the cell walls (Medalist, 1983). Only the results for the Sawbone 10 have been showed on this article, because when 
both implants were inserted in this foam type, they were tested in the worst case scenario, which is in the foam with 
the worst mechanical properties. Therefore, these were the most important results of the work, as shown in figures 4 
and 5. 

 
Fig. 4. Experimental results for external hexagonal implant insert in Sawbone 10. 

 
Fig. 5 Experimental results for Morse taper implant insert in Sawbone 10. 

The results shown in figure 4, regarding the Sawbone 10, reveal that for the external hexagonal implant there is a 
clear difference in the progress of the two curves. In the green curve, representing the test performed at an average 
force of 75 N, in the plastic collapse phase, which starts at around 10000 cycles, there was no increase in the 
deformation amount with the increased number of cycles. Regarding the red curve, for which there was an increase 
to twice in the value of the force, there was an increase of deformation for a low number of cycles, a behaviour 
which tends to reduce during the plastic collapse phase of the material. In the case of the Morse taper implant the 
progress of the two curves was substantially the same, verifying a sudden increase in the elastic deformation zone 
until the yield point of the material and about 20000 cycles starts the plastic collapse phase. The variation on the 
deformation value in the Sawbone wasn’t significant with increasing the number of cycles. In opposition to the 
behaviour of the external hexagon implant, the increase of the force intensity from 75 to 150 N didn’t cause a 
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deformation amount with the increased number of cycles. Regarding the red curve, for which there was an increase 
to twice in the value of the force, there was an increase of deformation for a low number of cycles, a behaviour 
which tends to reduce during the plastic collapse phase of the material. In the case of the Morse taper implant the 
progress of the two curves was substantially the same, verifying a sudden increase in the elastic deformation zone 
until the yield point of the material and about 20000 cycles starts the plastic collapse phase. The variation on the 
deformation value in the Sawbone wasn’t significant with increasing the number of cycles. In opposition to the 
behaviour of the external hexagon implant, the increase of the force intensity from 75 to 150 N didn’t cause a 
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change in the material behaviour during the phase of plastic collapse. This means that the structure of the Sawbone 
was able to accommodate the movements of the implant when it was subjected to a cyclic load of greater intensity. 

3.2 FEM penetration simulations 

Two examples of the stress distribution and strains are show in figure 6, mainly, the maximum stress values at the 
implant and deformations in Sawbone. For the smooth geometry, it was registered a gradual decrease in the value of 
stress and deformations. Firstly, it was noted that in all simulated cases, either the implant or the Sawbone-epoxy set 
haven’t reached the limit value of the yield stress of its material, meaning, all components support the loading 
imposed without deforming plastically. From the point of view of stress analysis, it can be said that the most 
favourable situation occurs with the denser Sawbone, because the stress values were minimized. Regarding the 
deformations on Sawbone, it was in the less dense than the highest values occur, and there as the value of density 
increases, the amount of deformation decreases as happens to stress. Given the nature of the applied compressive 
force and the bending moment generated on the implant, the maximum deformation occurs at the contact interface 
between the implant base and the Sawbone, a situation which occurs for all values of density and intensity strength 
tested. 

 
Fig. 6 Some examples of numerical simulations results (a) deformation field of smooth geometry; (b) stress field of smooth geometry; (c) 

deformation field of threaded geometry; (d) stress field of threaded geometry. 

The results of the threaded geometry were very similar to those previously found for the smooth geometry. It was 
a reduction of the values of stress, as for the deformation, when there was an increase of density on the Sawbone. It 
was for the denser Sawbone that both values were minimized, a situation which occurs for both strength intensities. 
For all the conditions simulated, the materials didn’t deform plastically. Comparing the results between the two 
tested geometries, the threaded geometry provided a reduction in terms of the stresses and deformations in the 
Sawbone. The decrease in tension between the two geometries is justified because increasing the contact area on the 
interface between the implant and the Sawbone-epoxy set, maintaining the same degree of loading promotes a 
reduction in the amount of stresses. 

3.3. FEM indentation simulations 

The results of numerical simulations, such as analytical calculations showed that the deformation values decrease 
as the mechanical properties of the Sawbone increase. The analytical equations validated the finite element model 
for the deformation and stresses. 

4. Discussion 

There were several differences registered for the two tested implant systems. For both, the external hexagonal 
and for the Morse taper implant, it was found that the deformation value decreases as the Sawbone density increases. 
Through the SEM images, shown in figure 7, it was observed that the number of collapsed cells within the affected 
area were larger for the less dense structure. Although this situation occurred for both implants, the variation range 
of values for the displacement is smaller for the Morse taper implant. This type of implant was less sensitive to load 
variation when it was tested in the same cell structure. 
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Fig. 7. SEM images (a) Sawbone 10; (b) Sawbone 12. 

From the point of view of the bone structure, a D1 bone type, being denser and mechanically stronger, is less 
sensitive to the variation of masticatory forces. 

Another interesting result was found for the less dense Sawbone, when both implants were tested in the worst 
design condition. For the external hexagonal system it was found that the plastic collapse phase starts earlier at 
about 10000 cycles, and both curves behaviour displays significant differences compared to the Morse taper implant 
curves. The difference of the values recorded could be reflected in the fact that for the external hexagonal implant, 
the Sawbone structure didn’t accommodate the movements suffered by the implant when it was loaded cyclically. 

Numerical studies showed that the effect of diameter and length of the implants has an influence on stress 
distribution at the bone-implant interface (Faegh and Müftü, 2010; Huang et al., 2008). Increasing the implant 
diameter promotes a reduction in the normal and shear stresses along the bone-implant interface, promoting a better 
distribution of loads to the tissue. In other words, the increase of the lateral area and implant section reduces the 
stresses generated in the cortical bone, stresses arising from compressive forces, tensile, bending and torsion. The 
shape of the Morse taper implant also helps to explain the better performance during the tests, since the introduction 
of microthreads in the implant neck region, as shown in figure 1, helps to minimize the amount of stresses along that 
zone, resulting in a decrease of bone loss after the placement of the implant (Javed and George, 2010). 

The implant-abutment connection also influences the results obtained. The performance of the Morse taper 
system, when compared with the behaviour of the external hexagonal implant has a higher success rate, meaning, for 
the same type of loading the number of cycles to failure is higher thanks to their locking mechanism, because the 
clearance between the implant and the abutment is reduced, eliminating vibrations and micromovements on the 
connecting screw (Khraisat, 2002). 

For the numerical results, it was noted that the maximum magnitude of the deformation recorded in all the 
simulations was in the range of microns. According to the literature, excessive micromovements between the 
implant and surrounding bone can interfere with the process of osseointegration, having been postulated that such 
deformations must not exceed the value of 150 μm (Javed and George, 2010). The simulations results indicate that 
this threshold value has never been reached, and knowing that the Sawbones are a test material used to simulate the 
conditions of trabecular bone, it can be stated that for the Sawbones 10, 11 and 12, representatives of D3, D2 and D1 
bone types, respectively, the corresponding micromovements of the implant relative to the bone microstructure 
proved to be sufficiently low to avoid the formation of fibrous tissue, favouring the long-term osseointegration. 

 
Fig. 8. Variation of deformation values for different Sawbones. 
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Fig. 9. Variation of stress values for different Sawbones. 

In order to compare the results of indentation, with the penetration results, an analysis between displacement and 
stress values for both situations was made and is shown in figures 8 and 9. However, the fact that the simulations 
made with the penetration model had been used the type of contact bonded, makes that all the components of the 
geometry behave as a single body. In order to overcome this situation, the type of contact between the walls of 
Sawbone and epoxy with the implant was changed, for no separation. This type of contact also used in linear 
simulations is similar to bonded, but permits a slight sliding between surfaces. This sliding simulates better the 
penetration of the implant on the surface of the Sawbone. 

However, the magnitude of strain and stress values, when compared with the numerical values of the penetration 
FEM model, it wasn’t of the same order of magnitude, but it was noted the same trend as the other models. Despite 
this, the evidenced behaviour in the three situations was the same, which justifies that despite the analytical model 
not quantify a priori the value of deflection and penetration stress, this allows us to understand the implant 
behaviour when inserted in a PU sample. 

5. Conclusions 

The analysis of the mechanical behaviour of implants subjected to fatigue tests on different substrates, completed 
with an analytical and finite element analysis, revealed different conclusions. The results of the tests showed that the 
performance of the Morse taper implant was greater than the external hexagonal implant when both were tested 
cyclically in samples of different densities. This superior resistance presented by Morse taper system explains the 
significantly increased long-term stability of these implants in clinical applications. It has been shown that the 
diameter, length, density and type of implant-abutment interface are design variables that affect the behaviour of the 
implants. The deformation and stress results obtained with the penetration FEM model exhibit the same trend as the 
analytical results and FEM indentation, so part of a scale factor, the analytical model of indentation can be a starting 
point for the explanation of the experimental results. Obviously the conditions were different, since experimental 
tests were dynamic while simulations and analytical analysis reproduced static indentation behaviours. 
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