
 

Abstract—The use of titanium foam (Ti-foam) as an implant 
material has gained a lot of interest recently due to its good 
biocompatibility as well as stable fixation between implant and 
human bone. A finite element model is required in order to 
effectively design appropriate implants. Accurate finite element 
analyses rely on accuracy and efficiency of the applied material 
models. Mechanical behaviour of the Ti-foam under loadings 
are different from the solid titanium therefore an appropriate 
metal foam constitutive model is needed. In this paper, the 
Deshpande and Fleck model which is available as the crushable 
foam model in the ABAQUS finite element software has been 
employed together with appropriate material parameters to 
describe the deformation behaviour of the Ti-foam with various 
porosity levels under compressive and bending loads.  The 
simulation results have been compared against recently 
published data. Good comparisons have been seen. This 
validated Ti-foam material model has been employed to study 
stress distributions on the Ti-foam dental implant system.  
 

Index Terms—Dental Implants, Finite element Analysis, 
Material model, Titanium foam 
 

I. INTRODUCTION 

etal foams, a new class materials, have increasingly 
been employed for a range of applications such as 

structural components, automotive parts, sound and 
vibration absorbers, heat exchanger and biomedical implants 
[1]-[3]. This is due to their unique combination of properties 
such as low density, high specific stiffness, high specific 
strength and good energy absorption capability [4].  

Among metal foams, titanium foams (Ti-foams) are 
preferred in many crucial applications including biomedical 
implants which biocompatibility is required. The main 
interests for using cellular metals come from the increase of 
the friction coefficient between the implant and the 
surrounding bone. It allows mechanical interlocking of bone 
with the implant by substantial bone in-growth and better 
long term stability. Additionally, stiffness of the implants 
can be tailored by varying porosity to reduce the stress 
shielding effect [5], [6]. One of promising biomedical 
application of Ti-foams is in dental implants.  

Finite element analysis has played an important role in 
designing of dental implants [7]-[11]. The success of the 
increasing use of the finite element method for analysing 
structures and components rests upon the accuracy and 
efficiency of the applied material models. Mechanical 
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behaviours of Ti-foam under loadings are different from the 
solid titanium. The Ti-foam is compressible material of 
which volume changes during the deformation while the 
solid titanium is incompressible material of which volume 
does not change. Hence, metal foams can yield under 
hydrostatic loading in addition to deviatoric loading. 
Furthermore, different levels of porosity in Ti-foam lead to 
different mechanical properties and failure mechanisms [11]-
[13]. An appropriate metal foam constitutive model is 
required in simulation using the finite element technique. 
Constitutive models for metal foams [14]-[17]. have been 
developed for the past decade. Some of them have been built 
in commercial finite element packages such as LS-DYNA 
and ABAQUS. Most of them have been applied successfully 
in describing behaviour of aluminium foam. However, very 
few have been employed for Ti-foam under complex loading 
conditions.  This paper, therefore, addresses an examination 
of applicability of the Deshpande and Fleck model, which is 
available in the ABAQUS finite element package as the 
crushable foam material model, on describing the Ti-foam 
behaviour. It will be employed to study the stress 
distribution on the Ti-foam dental implant which is 
subjected to the complex stress states.     

II.  METAL FOAMS 

A. Mechanical Behaviours of Metal Foams 

 
The major difference between foam materials and solid 

materials is their microstructure. A large amount of cells or 
pores are present in metal foams can be imagined as sponge. 
A metal foam is, therefore, characterised microstructurally 
by its cell topology, relative density, cell size and cell shape 
[18]-[20]. The term, porosity, is a parameter used at the 
macroscopic scale to indicate the proportion of porous area 
in foams. The microstructure features of cellular metals are  
affecting their mechanical responses. The stress-strain curve 
for a metal foam in compression is characterised by three 
regimes a linear elastic regime, corresponding to cell 
bending or face stretching; a stress plateau regime, 
corresponding to progressive cell collapse by elastic 
buckling or plastic yielding; and densification regime, 
corresponding to collapse of the cell throughout the material 
and subsequent loading of cell edges and faces against one 
another. Low relative density metal foam can be deformed 
up to large strain before densification occurs [21]. For 
successful application as functional components, knowledge 
of the plastic yield surface and subsequent plastic flow 
behaviour of a metal foam is very important. In contrast to 
solid metals, metal foams can yield under hydrostatic 
loading in addition to deviatoric loading [4]. Therefore, the 
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yield criterion depends on both the von Mises equivalent 
stress and the mean stress.   
    A number of experiments have been conducted to study 
the mechanical behaviour of aluminium foams and titanium 
foams. [1], [2], [11], [12], [18], [19], [22]. Imwinkelried 
[12], in particular, experimentally studied mechanical 
properties of open-pore Ti-foams produced using the space 
holder method.  Ti-foams with 100-500 µm pores and with 
porosities of 50-80% were studied. Four types of tests 
included the static compression, tension, bending, torsion, 
cyclic compression and permeability. The Ti-foam used in 
the tests was found to be anisotropic. From all the tests, 
Imwinkelried [12] has concluded that porosity level affects 
the strength of materials.  The Ti-foams are stronger 
perpendicular to the compaction direction and weaker along 
compaction axis. Such material is best used in compression, 
where structural integrity is guaranteed up to large plastic 
deformations. The typical yield strength of titanium foam 
with 62% porosity is above 60 MPa in compression, bending 
and tension.  Stiffness values vary with the testing method 
from 7-14 GPa.   

 

B. Material Models for Metal Foams 

 
Since metal foam behaviours are different from that of 

solid metal, classical plastic theory cannot be used to 
describe their behaviours. A number of constitutive models 
have been developed. Yield surface depends on both the 
mean stress and the von Mises equivalent stress. All of them 
are phenomenological models. Schreyer, Zuo and Maji [14] 
developed a metal foam constitutive model which took into 
account an isotropy by introducing initial kinematics 
hardening in the yield criterion. The model of Schreyer is 
suitable for cyclic loading [22].   The model of Miller [15] 
based on modification of the Drucker-Prager yield criterion 
and introduced three adjustable parameters to fit the yield 
surface to the available experimental data. The deformation 
behaviours under compressive loading are not equal to those 
under tensile loading. 

Deshpande and Fleck [16] developed a 3D model 
primarily based on the experimental tests of Al-foam, which 
has been built in the finite element package ABAQUS [23]. 
The model assumes similar behaviours in tension and 
compression hence isotropic hardening. Among these, the 
model developed by Deshpande and Fleck [16] has the 
simplest expression and has found wide-spreading 
applications. In this paper, the crushable foam model with 
isotropic hardening will be employed. The thorough 
validation of constitutive models appears to be needed. In 
the crushable foam model, the contribution of the mean 
stress on the yield function is realised through a material 
parameter known as a shape factor. It defines the aspect 
ratio of the elliptical stress. This shape factor quantitatively 
distinguishes the plastic behaviour of metal foams from solid 
metals. The yield function (Y) is given by 

 

BpqY −+= 222 α  (1) 

 
where q is the von Mises equivalent stress and p is the 

mean stress. B defines the size of the yield ellipse and is 
given in (2) 
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 pc is the yield strength in hydrostatic compression. σc is 
the absolute value of the yield strength in uniaxial 
compression. α is a shape factor of the yield surface is given 
in (3).  
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 and k is the ratio of initial yield stress in uniaxial 
compression and initial yield stress in hydrostatic 
compression. Equation (1) represents an elliptical yield 
surface in the stress plane of von Mises stress versus the 
mean stress as illustrated in figure 1. 

 
 

Fig.1. Yield surfaces and flow potential for the isotropic hardening 
crushable foam model. 

 
The flow potential for the isotropic hardening model is 
chosen as 
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νp is the plastic Poisson’s ratio given by  
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The plastic strains are  
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λ&  is the nonnegative plastic flow multiplier.  
 

The elastic behaviour can be modeled only as linear 
elastic. The Young’s modulus Ef  has to be the one for metal 
foam which depends on the foam porosity.  
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III.  SELECTION OF TI-FOAM MATERIAL PARAMETERS AND 

VALIDATION OF CONSTITUTIVE MODEL 

 
 Material parameters required for the crushable foam 

model are the Young’s modulus (E) , the yield strength of 
the Ti-foam (σy), the shape factor (α), the compressible yield 
stress ratio (k),  the elastic and plastic Poisson’s ratio (ν, νp) 
as well as hardening relation. The plastic Poisson’s ratio was 
selected to reflect the shape of the workpiece during 
deformation. The parameters k and α were calculated from 
(3) and (6).  The strategy was to use information from 
experimental data of Imwinkelried [12] for initial calibration 
and validation of the crushable foam model.  Then the model 
was used to predict the mechanical behaviour of the Ti-foam 
at other levels of porosity during compression and bending.   

 

A. Numerical Simulation of Compression Tests 

 

A compression test of a 62.5% porosity Ti-foam cylinder 
with 8 mm diameter and 16 mm height as shown in figure 2 
was simulated to test the accuracy of  the crushable foam 
model in capturing the mechanical behaviour of the Ti-foam.  
The upper flat die moved down 0.8 mm with strain rate of 
0.005 s-1 while the lower flat die was fixed. The dies were 
modeled as rigid surfaces. Axisymmetric elements were 
employed for the cylindrical workpiece. The friction 
coefficient between the contact surfaces was set to be 0.5 
[24].  

 

 
 

Fig. 2. Cylindrical specimen for simulations of compression  tests. 

 
The Young modulus (E) and the yield stress (σy) of 62.5%  

porosity Ti-foam were calculated using (8) and (9) which 
obtained from the experiments of Imwinkelried [12]. 
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where Es is the Young’s modulus of the fully solid 

titanium which was taken as 110 GPa for pure titanium 
grade 4 [12] and (σy)s is the yield strength of the fully solid 
titanium which was taken as 650 MPa.  ρr represents relative 
density of the metal foam. it is linearly proportional to 
percent of porosity according to Imwinkelried’s 
experimental data. The plastic Poison’s ratio (νp) was 
assumed to be 0.34 to reflect the shape of the specimen. The 
compressible stress ratio (k) was calculated from (6) as 0.98.  

The average macroscopic stress-strain curve obtained 
from the simulation was calibrated against experimental 
results of Imwinkelried [12] as shown in figure 3 for Ti-foam 
with 62.5% porosity. Good comparison can be seen 
especially at the stress plateau regime. 

   

 
 
Fig. 3. Graph showing a comparison of average macroscopic stress-strain 
curves obtained from the experiment [12] and the simulation. 

 
Figure 4 shows a comparison of deformed profiles of the 

specimen obtained from the experimental results [12] and 
the simulation.  The deformed profiles obtained from the 
simulation compare well with those obtained from the 
experiment. 
 
 
 
 
 
 
 
Fig. 4. shows profile shape of the specimen at various stages of 
deformation obtained from both the experiment [12] and the simulation.    

 
Contour plot of  von Mises stress of the compressed Ti-

foam is shown in figure 5. 
 

 
 
Fig. 5. shows distribution of the von Mises stress on the specimen. 

 
The stress distribution is non-uniform with stress gradient 

around 53%. The maximum equivalent stress is found near 
the bulge area. The minimum equivalent stress is found at 
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the top and bottom of the specimen. Shear band is seen on 
the specimen at which the failure could be observed.  
 Equations (6), (8)  and (9) with νp of 0.34 were employed 
to predict the mechanical behaviour of Ti-foam at 59.9% 
and 65% porosity.   The comparisons of experimental results 
and the simulations are shown in figure 6.  It is possible to 
observe reasonable agreements between the numerical and 
the experimental curves, in particular at the stress plateau 
regime. The discrepancy is seen clearer at the densification 
regime where density is increasing.  The comparison shows 
that the Deshpande and Fleck model in ABAQUS with the 
selected parameters for Ti-foam can be used to describe the 
behaviour of the Ti-foam under compressive loading.      
  

 
 
Fig. 6. showing average macroscopic stress-strain curves for Ti-foam with 
65% and 59.9% porosity compared with experimental results by 
Imwinkelried [12]. 

 

B. Numerical Simulation of Three-point bending Test 

 
The same material model as used in compression tests 

were employed to simulate the three-point bending test of 
63.9% porosity of Ti-foam for comparison with the bending 
test of Imwinkelried [12].  Three dimensional model of the 
three-point bending test was constructed as shown in figure 
7.  The support rollers and the upper movable roller were 
modeled as analytical rigid bodies. The support rollers were 
fixed with 30mm distance in between. The width and the 
height of the specimen were 8.2 mm and 4.2 mm, 
respectively.   

The movable roller moved down 1.5 mm.  The specimen 
was meshed with the three dimensional solid continuum 
elements C3D8.  The maximum bending stress was 
calculated using (10) [25]. 
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       Fig. 7.  Model set up for the three-point bending test. 
 
 

Where F is the reaction force at the roller. L is the 
distance between the supports, B is width and H is the height 
of the specimen.  The maximum bending stress obtained 
from the simulation at various displacements was plotted in 
figure 8 together with the experimental data of Imwinkelried 
[12].  The graph was plotted up to 0.8 mm as at 0.8 mm the 
first crack appeared within the specimen. The load then 
dropped. The softening was observed in the experiment.  
The bending stress trend is, therefore, predicted accurately 
up to nearly 0.8 mm because the model does not take into 
account the damage or failure criteria. The simulation 
compares well at small deflection. The discrepancy increases 
as the deflection approaching 0.8 mm.      

 

 
 
Fig 8. Showing graph of maximum bending stress versus displacement 
obtained from experimental data [12] and simulation. 

 
The deformed shape of Ti-foam specimen with porosity of 

62.5 % under the 3-point bending load is shown in figure 9. 
Stress is localized. Maximum equivalent stress occurs 
around bending region. 
 The Deshpande and Fleck model which was used to 
describe the deformation behavior of the Ti-foam was 
calibrated and validated with the experimental results. It was 
then employed to model the dental implant which is made 
from Ti-foam. 
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Fig. 9.  Contour plot of von Mises stress on the bending specimen. 
 

IV.  APPLICATION OF TI-FOAM MODEL ON SIMPLE SHAPE OF 

DENTAL IMPLANT  

 
The use of completely porous metals has the potential to 

solve the problems of fracture and stress shielding of bone. 
[5],[6].  To study the possibility of using Ti-foam as a dental 
implant, a three dimensional finite element analysis for Ti-
foam dental implant system was carried out. And for 
comparison purpose a finite element model for solid 
titanium dental implant was also conducted.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10.  The dental implant and surrounding bone system with applied 
loads and boundary conditions. 

 
The three dimensional model of the dental implant and 

supporting bone system is shown in figure 10. The model 
consists of an implant and surrounding cancellous bone as 
well as cortical bone. Boundary conditions were applied to 
restrain all form of translational movements in the model. 
The interface between the implant and the bone as well as 
between the cortical and cancellous bone were treated as 
perfectly bond interface. Loading of the implant is shown in 
figure 10 with forces of 17.1 N, 114.6 N and 23.4 N in a 
lingual, an axial and mesio-distal direction [9]-[10]. Both 
cancellous bone and cortical bone assumed to be linear 
elastic [7]-[10]. The solid titanium assumed to be elastic-
plastic. The material parameters of Ti-foam with 62.5% 
porosity were taken from section 4.   

The material properties of the implant system of this study 
are summarised in Table I.   

 

The finite element mesh was generated by using 3D solid 
continuum elements.  The shape of implant was simplified as 
shown in figure 11. 
 

 
 

Fig. 11.  The finite element mesh. 
 

Two analyses were conducted one with the solid titanium  
implant and the other one with the Ti-foam implant. The 
stress distribution along both implants is inhomogeneous. 
Maximum equivalent stresses concentrated in the implants at 
the neck region.  The level of stress within the Ti-foam 
implant is lower that that of the solid titanium implant as 
shown in figure 12.  

 

 
 

Fig. 12 represents the von Mises stresses distribution within (a) the solid 
titanium implant and (b) the Ti-foam implant. 

 
Figure 13 presents level and distribution of equivalent 

stresses within the implant and surrounding bones. Stresses 
within the surrounding bones with the Ti-foam implant are a 
bit higher than the one with the solid titanium at around the 
neck region (area A in figure 13).  It implies that more loads 

TABLE I 
SUMMARY OF MATERIAL PROPERTIES USED IN THIS STUDY  

Material 
Young’s 

modulus, E 
(GPa) 

Poisson 
ratio 

(ν) 

Yield  

stress (σy) 
(MPa) 

Refs 

Cortical 
bone 

14.5 0.323 - [7]. 

Cancellous 
bone 

1.37 0.3 - [7]. 

Titanium 110 0.3 650 [12]. 
Ti-foam*  

(62.5% porosity) 
9.9 0.33 70 [12]. 

*The plastic Poisson ratio (νp) is 0.34 and the compressible yield stress 
ratio (k) is 0.98. 
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can be transferred to the surrounding bones if the Ti-foam 
implant is used.  
 

 
 
Fig. 13 showing the von Mises stress distribution within the surrounding 
bones as well as a) the solid titanium implant and b) the Ti-foam implant. 

 
This is because the Ti-foam has lower stiffness than the 

solid titanium so the surrounding bone can share more load 
if the Ti-foam is used. The stresses in other parts are almost 
uniform hence shows little difference. This presents 
possibility to solve the stress shielding problem with Ti-
foam implants. However, the present study is a simplified 
study. The real shape of implant and more complex interface 
condition must be considered to represent the real situation.   

V. CONCLUSION 

The Deshpande and Fleck model which is provided as the 
crushable foam model in the ABAQUS finite element 
software was employed to describe the behaviour of Ti-
foam. The required material parameters were selected based 
on experimental data of Imwinkelried. The model was 
calibrated and validated against experimental data at various 
porosity levels for both compression and bending. 
Reasonable good agreements were obtained. The crushable 
foam model with calibrated parameters were then used in 
simulations of the dental implant system. The comparisons 
between the system with solid titanium implant and those 
with the Ti-foam implant were shown.  The Ti-foam implant 
carried less stress than the solid titanium implant. However, 
the surrounding bone of the Ti-foam implant system carried  
more stress. This implies that more loads were transferred to 
the surrounding bone if the Ti-foam was used. Hence,  stress 
shielding problem is possible to be solved. However, this 
study is a simplified study to show the applicability of using 
the Deshpande and Fleck model for the Ti-foam implant, the 
detailed study on design and optimization of the Ti-foam 
implant is required for further use. 
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