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The first objective of this computational study was to assess the strain magnitude and distribution

within the three-dimensional (3D) trabecular bone structure around an osseointegrated dental implant
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loaded axially. The second objective was to investigate the relative micromotions between the implant

and the surrounding bone. The work hypothesis adopted was that these virtual measurements would

be a useful indicator of bone adaptation (resorption, homeostasis, formation).

In order to reach these objectives, a mCT-based finite element model of an oral implant implanted

into a Berkshire pig mandible was developed along with a robust software methodology. The finite

element mesh of the 3D trabecular bone architecture was generated from the segmentation of mCT

scans. The implant was meshed independently from its CAD file obtained from the manufacturer. The

meshes of the implant and the bone sample were registered together in an integrated software

environment. A series of non-linear contact finite element (FE) analyses considering an axial load

applied to the top of the implant in combination with three sets of mechanical properties for the

trabecular bone tissue was devised. Complex strain distribution patterns are reported and discussed. It

was found that considering the Young’s modulus of the trabecular bone tissue to be 5, 10 and 15 GPa

resulted in maximum peri-implant bone microstrains of about 3000, 2100 and 1400. These results

indicate that, for the three sets of mechanical properties considered, the magnitude of maximum strain

lies within an homeostatic range known to be sufficient to maintain/form bone. The corresponding

micro-motions of the implant with respect to the bone microstructure were shown to be sufficiently

low to prevent fibrous tissue formation and to favour long-term osseointegration.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding how the mechanical conditions could be
controlled to optimise the speed and quality of osseointegration
around immediately loaded oral implants is of paramount
importance in modern dentistry (Szmukler-Moncler et al.,
1998). Late failure is observed when the early osseointegrated
bone is unable to maintain its mass in the long-term (Esposito
ll rights reserved.

echanics Research Centre,

diff University, Cardiff CF14

t).
et al., 1998). Because of the correlation between osteoblast cell
lineage and strain (Jones et al., 1991), researchers have measured
strain at the surfaces of (long) bones of different animal species
experimentally (Goodship et al., 1979; Hylander, 1981; Lanyon
et al., 1982; Lanyon and Rubin, 1984; Rubin and Lanyon, 1984).
Measured peak strains ranged 2000–3000 mstrain in all of these
studies and peak strains of 2200 mstrain were recorded on
macaque mandible during biting (Hylander, 1981). Lanyon and
Rubin (1984) showed that applying a static compressive load
generating a strain level of 2000 mstrain was insufficient to
prevent bone loss under the form of endosteal resorption and a
reduction in the intracortical density. However, when the same
load was applied cyclically (100 cycles per day) at a frequency of
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Fig. 1. Bone–implant complex after the registration procedure between the mCT

scan-based STL description of the peri-implant mandibular bone and the STL CAD

model of the implant.
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1 Hz bone formation took place with a 24% increase in the cross-
sectional area. Rubin and Lanyon (1985) later replicated the
experiment but by applying a bending load and discovered a
linear relation between peak strain magnitude and increased
cross-sectional bone area. By extrapolating the data from the
experimental curve it was found that cyclic microstrain of 1000
were sufficient to maintain bone mass whilst anything above
would produce bone tissue and anything below would initiate
bone resorption. In another study looking at the influence of
loading frequency on bone adaptation, McLeod and Rubin (1992)
found that the amount of bone formation increased with the
loading frequency. At 30 Hz, a deformation of 300 mstrain was
sufficient to maintain bone mass while this value increased to
1200 mstrain at 1 Hz. From these experiments it is clear that strain
magnitude is of particular relevance when studying bone
adaptation. Osseointegrated implants have been the subject of
intense research (Adell et al., 1990). It was shown by Baiamonte
et al. (1996) that FE analyses can replicate in-vitro experiments
with a good level of accuracy and thus are potentially useful as a
pre-clinical assessment technology. FE-based studies have in-
cluded axi-symmetrical, two-dimensional (2D) and 3D FE models,
compare Al-Sukhun et al. (2007); Al-Sukhun et al. (2007);
Baiamonte et al. (1996); Clift et al. (1992); Cruz et al. (2009);
Eser et al. (2009); Geng et al. (2001); Huang et al. (2008); Huang
et al. (2002); Kong et al. (2008); Kong et al. (2008); Kong et al.
(2009); Lin et al. (2007); Meijer et al. (1992); Meijer et al. (1993);
Merz et al. (1998); Nagasawa et al. (2008); Natali et al. (1997);
Natali et al. (2006); Natali et al. (2006); Papavasiliou et al.
(1997); Rieger et al. (1989); Rieger et al. (1990); Simsek et al.
(2006); Sun et al. (2009); Vaillancourt et al. (1996); Van
Oosterwyck (2000); Van Oosterwyck et al. (1998); van Staden
et al. (2008); Wakabayashi et al. (2008); Wang et al. (2007);
Williams and Williams (1997); Yang and Xiang (2007); Yu et al.
(2009).

None of these studies have considered the 3D trabecular structure
of the bone surrounding the implant together with their mutual
sliding contact interactions and reported strains and micromotions.

The first objective of this study was to assess the strain magnitude
and distribution within the 3D trabecular bone structure around an
osseointegrated dental implant loaded axially. The second objective
was to investigate the relative micromotions between the implant
and the surrounding bone. The work hypothesis adopted was that
these virtual measurements would be a useful indicator of bone
adaptation (resorption, homeostasis, formation). In order to reach
these objectives, a mCT-based FE model was developed along with a
robust software methodology. Given the broad range of variations for
the Young’s modulus of trabecular bone tissue found in the literature
(Ashman and Rho, 1988; Ryan and Williams, 1986; Turner et al.,
1999), a simple parametric analysis was also performed by varying
the mechanical properties of bone.
Fig. 2. 3D STL surface representation of the segmented mCT bone–implant

complex after application of a decimation algorithm.
2. Materials and methods

2.1. Acquisition of data

A series of mCT scans acquisition was performed on an implanted (Berkshire)

pig mandible section (mCT machine 1072, Skyscan, Belgium) containing an

osseointegrated titanium oral implant (Astra Tech AB, Mölndal, Sweden) (Fig. 1).

The following m-CT scanning settings were used: 15� magnification, 1024�1024

resolution, 37 mm thickness, 276 slices, 18.704 mm pixel size, source: 100 kV/

98 mA, exposure time: 3600 ms, 1 mm thick aluminium filter.

2.2. Image segmentation and registration

MicroCT scans were segmented in Mimics (Materialise N.V., Leuven, Belgium)

and a 3D standard triangulated language (STL) surface was produced (Fig. 2) which

was later topologically repaired and decimated in Materialise Magics (Fig. 2).
Because of the imaging artefacts caused by the presence of metal in the mCT

scanner, the implant geometry was too noisy for further accurate meshing. To

overcome this limitation the idea was to mesh the CAD geometry (STEP file) of the

same implant used in the experimental study independently from the trabecular

structure and then register this mesh within the meshed trabecular structure

(using Materialise TriMatics), perform a Boolean operation to remove what was
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Fig. 3. Application of load to the FE model of the bone–implant complex and

enforcement of boundary conditions. The axial force is represented by the red

arrow whilst encastrement conditions are represented by the blue surfaces (all

nodes belonging to these surfaces are rigidly fixed). The FE mesh consisted of

74,001 nodes and 739,404 elements.
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the real implant with its artefacts and replace it with the independently meshed

implant (Fig. 1) (Jaecques et al., 2004; Stoppie et al., 2005). It was assumed that the

imaging artefacts did not affect significantly the reconstructed geometry of the

trabecular structure (Jaecques et al., 2004; Jaecques et al., 2004).

2.3. Generation of the FE model

The STL surface of the trabecular bone structure was exported into MSC Patran

(MSC Software, Palo Alto, CA, USA) and further meshed with linear tetrahedrons to

limit the number of degrees-of-freedom. The STL description of the implant was

meshed with linear triangular shell elements which were assumed to be rigid as

the focus of the present study was on the relative strain distribution within the

trabecular architecture and this was also justified by the higher stiffness of

surgical titanium (115 GPa) over that of trabecular bone.

2.4. Material properties

There is a large variability among the different values found for the mechanical

properties of trabecular bone tissue (Table 1) because of differences in

experimental measurement protocols, species, age and a large number of other

factors. To account for this variability, a simple parametrisation of the Young’s

modulus of trabecular bone (5, 10 and 15 GPa) was performed. Because of the

contact non-linearities, scaling of results was not possible. Surgical implantation

causes immediate damage to the bony structure and this trauma is followed by a

healing/osseointegration phase during which the mechanical properties of the

tissue/structure evolve. A simplified and idealised way of accounting partly for this

phenomenon is to vary the mechanical properties of trabecular tissue which is

what is done in the framework of the parametric analysis.

2.5. Interfacial properties of implant–bone interface

The characteristics of the implant–bone interface are important (Van

Oosterwyck, 2000). In the case of an isotropic Coulomb friction model (as used

here) the shear stress generated between the contacting bodies is proportional to

the product of the contact pressure by the coefficient of friction. If there is no

friction, then there is no shear strength: the bodies are free to slide with respect to

each other. If there is a non null coefficient of friction, then the shear strength is

non zero and corresponds to a critical value above which sliding occurs. A 2.5 MPa

interfacial shear strength was used (Thomas and Cook, 1985). Within ABAQUS/

Standard (ABAQUS Inc., Providence, RI, USA), the behaviour of the contact interface

was that of the ‘‘hard’’ contact pressure–overclosure model which does not allow

the transmission of tensile load (ABAQUS, 2006).

2.6. Boundary and loading conditions

The anterior and posterior surfaces of the mCT bone block were rigidly fixed

(Fig. 3). Given the scope of this study and the complex mechanical interplay that

might occur at the interface between the implant and the bone and because of the

complex geometry of the microarchitecture of trabecular bone, it was decided to

focus on the simplest force system provided by a 100 N axial load.

Naturally, a dental implant is subjected to more complex force systems as

measured experimentally (Duyck, 2000; Glantz et al., 1993; Merickske-Stern et al.,

1992; Merickske-Stern et al., 1996).

2.7. FE analyses

A series of three FE analyses was devised (one for each value of the Young’s

modulus) and performed using ABAQUS/Standard. Non-linear contact conditions

were enforced using the standard surface-based contact algorithm (ABAQUS,

2006). This algorithm uses a small-sliding penalty formulation and assumes that

‘‘the contact surfaces may undergo arbitrarily large rotations, but that a slave

node will interact with the same local area of the master surface throughout the

analysis’’. The small-sliding algorithm is enforced via the use of an internally

generated contact element. Due to the impracticability of handling very large and

complex meshes on 32 bit architecture processor, no mesh sensitivity analysis

was performed in the present study. However, based on the authors’ experience,

it is believed that the mesh density chosen was sufficient to capture accurately
Table 1
Sample of values of the Young’s modulus for trabecular bone found in literature.

Ryan and Williams (1986) 0.76 GPa

Ashman and Rho (1988) 12.7 GPa

Turner et al. (1999) 17.5 GPa

Turner et al. (1999) 18.14 GPa
strain/stress distributions. The current study considered the implant as made of a

rigid material and its real intrinsic deformable mechanical behaviour would

probably affect the results of the FE analyses for certain loading conditions such

as bending.
3. Results and discussion

3.1. Strains

The visualisation of maximum principal strains within the
bone trabeculi provides a useful insight into the complex load
redistribution caused by the geometrical characteristics of the
microarchitecture and that of the implant (Figs. 4–7). This is
enhanced by performing virtual vertical cut along the bucco-
lingual (Fig. 4) and mesio-distal axes (Fig. 5). The colour scale
corresponds to equivalent Green–Lagrange microstrain values
(mstrain) where anything below 100 and anything above 1000 is
coloured respectively in black and grey. This facilitates the
identification of zones where strain magnitude is known to
correspond to critical homeostatic values (Goodship et al., 1979;
Hylander, 1981; Jaworski and Uhthoff, 1986; Lanyon et al., 1982;
Lanyon and Rubin, 1984; Rubin and Lanyon, 1984; Rubin and
Lanyon, 1985; Van Oosterwyck, 1998). Based on experimental
measurements (Jaworski and Uhthoff, 1986; Rubin and Lanyon,
1985) which reported values of 50 and 10 mstrain respectively a
more conservative value of 100 mstrain was chosen for our study.
On Figs. 6 and 7, a threshold algorithm was used to remove FEs
whose strain values fell below 100 mstrains.

The load transmission from the implant into the bone
conditions as the success or failure of a dental implant (Alexander
et al., 2009; Cattaneo et al., 2007; Chou et al., 2008; Lin et al.,
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Fig. 4. Open view of contour plot showing strain magnitude (equivalent microstrains) distribution within the bone microarchitecture for a 100 N axial load and for

different values of the Young’s modulus of trabecular bone: (a) 5 GPa, (b) 10 GPa, (c) 15 GPa. The cuts are performed along the bucco-lingual direction and are aligned with

the median plane of the implant.
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2008; Van Oosterwyck, 1998). Results show that strains are
not distributed homogeneously within the bony structure,
particularly in the peri-implant bone for both the macro- and
micro-thread areas (lower strains are found in the inter-thread
space). Values at this location are well above 100 mstrain for a
5 GPa Young’s modulus for bone whilst they fall below this
threshold in parts of the peri-implant bone region for the 10 and
15 GPa bone (Figs. 4–7).

Although the implant is loaded along its long axis by a
downward force, the maximum deformations of the trabecular
structure are reached at the periphery of the implant above its
bottom base. The cortical shell of the buccal side remains
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Fig. 5. Open view of contour plot showing strain magnitude (equivalent microstrains) distribution within the bone microarchitecture for a 100 N axial load and for

different values of the Young’s modulus of trabecular bone: (a) 5 GPa, (b) 10 GPa, (c) 15 GPa. The cuts are performed along the mesio-distal direction and are aligned with

the median plane of the implant.
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relatively undeformed while significant deformations happen on
the cortical part of the lingual side in direct contact with the
implant. The load is dissipated through the cortical shell and does
not reach the lowest trabeculi. Highest peri-implant strain
magnitude is found on the buccal and mesial sides of the implant
(Figs. 4 and 5 respectively). It was shown experimentally by
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Fig. 6. Threshold plot showing strain magnitude (equivalent microstrains) distribution within the bone microarchitecture for a 100 N axial load and for different values of

the Young’s modulus of trabecular bone: (a) 5 GPa, (b) 10 GPa, (c) 15 GPa. Elements for which strain falls below 100 equivalent microstrain have been removed.
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Clelland et al. (1993) by means of photoelastic strain measure-
ments and in a recent FE study by Simsek et al. (2006) that strain
levels recorded at the lingual and buccal sides of the mandible are
higher than those measured at the anterior and posterior aspects.
These results contrast with those of this study and can be
explained by different geometries, position of the implant,
loading/boundary conditions and modelling assumptions.

As expected, assigning lower mechanical properties to
the trabecular bone tissue resulted in higher magnitude
of strain. For the 5, 10 and 15 GPa the extremal values of
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Buccal view along the disto-mesial axis Lingual view along the mesio-distal axis 

Distal view along the bucco-lingual axis Mesial view along the bucco-lingual axis 

Fig. 7. Threshold plot showing strain magnitude distribution within the bone microarchitecture for a 100 N axial load and for a 15 GPa Young’s modulus assigned to

trabecular bone. Elements for which strain falls below 100 equivalent microstrain have been removed.

Table 2
External values (minimum/maximum) of principal microstrain calculated for each

of the three FE analyses featuring different mechanical properties for the

trabecular bone tissue.

Young’ modulus 5 GPa 10 GPa 15 GPa

Maximum principal strain 8025 4039 2702

Minimum principal strain �8174 �4105 �2744
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maximum and minimal principal strain magnitude are listed in
Table 2.

Low strain values are also found outside the direct influence
zone of the implant. However, it is important to recall that the FE
analyses were performed on an isolated bone sample taken away
from its original mechanical and structural environment.

The embedding conditions imposed at the mesial and distal
sides of the bony structure have the effect of generating higher
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Table 4
Magnitude of absolute micromotions of the trabecular bone structure (15 GPa

Young’s modulus) for different values of the coefficient of friction in response to a

100 N axial load applied to the implant.

Absolute micromotion magnitude Maximum (mm)

Friction coefficient=0 3.526

Friction coefficient=0.01 3.520

Friction coefficient=0.1 3.483
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than normal stresses at these particular locations and this might
also affect the structural bending properties of the cortical shell
structure. The strain magnitude for the models featuring a 5, 10
and 15 GPa Young’s modulus (Table 2) reveals a level of strain
sufficient for maintaining bone mass and initiating bone forma-
tion provided that the load would be applied cyclically (Goodship
et al., 1979; Hylander, 1981; Lanyon et al., 1982; Lanyon and
Rubin, 1984; Rubin and Lanyon, 1984). The deformations is of the
same order of magnitude of what is measured experimentally (at
the bone surfaces) on various animal species (Jaworski and
Uhthoff, 1986; Rubin and Lanyon, 1985). Microstrain measure-
ments are generally reported for cortical bone structure but, here,
it is considered that the buccal and lingual sides of the bony
structure are already similar to the cortical shell structure
because of their intrinsic cortical-like tissue properties.

A value of 5 GPa for the Young’s modulus of the trabecular
tissue is considered to be low (Goodship et al., 1979; Hylander,
1981; Lanyon et al., 1982; Lanyon and Rubin, 1984; Rubin and
Lanyon, 1984) and the results of the FE analyses considering a
Young’s modulus of 10 and 15 GPa are more likely to be in
accordance with physiological conditions. However, the calcu-
lated values of strain might be artificially low because of the
possible over-stiff behaviour of linear tetrahedrons for the
particular mesh and loading conditions considered.

In stark contrast with previous studies of implant–bone
interactions found in the literature (see Section 1); strains
obtained from the FE analyses are given at the trabecular level
which thus provides a more realistic approach than continuum
models which consider the peri-implant bone as a geometrically
homogeneous continuum medium. The additional advantage of
modelling explicitly the trabecular micro-structure of bone
instead of assuming a representative homogenised continuum
volume, where one assigns anisotropic mechanical properties is
that anisotropy is naturally accounted for by means of structural
properties.

Most of other numerical studies found in the literature
generally report stress, particularly von Mises stress, but fails to
report strain magnitude and principal strain. This was addressed
in the present work and the information gathered could be of
particular interest for research in bone mechanobiology.

Future studies should look at the influence of contact proper-
ties and more complex boundary conditions on the load
transmission from the implant to the trabecular bone structure
as well as on the stress and strain distribution.
Table 5
Magnitude of maximum von Mises stresses of the trabecular bone structure

(15 GPa Young’s modulus) for different values of the coefficient of friction in

response to a 100 N axial load applied to the implant.

Von Mises stress Maximum (MPa)

Friction coefficient=0 41.49

Friction coefficient=0.01 41.23

Friction coefficient=0.1 39.27
3.2. Micromotions

Results showed that the coefficient of friction did not have a
significant effect on the magnitude of relative displacement
between the implant and the bone as found by Simsek et al
(2006) or on the von Mises stresses as established by Van
Oosterwyck (2000). If the reference is taken as the frictionless
Table 3
Magnitude of relative micromotions at the contact interface between the implant and t

coefficient of friction in response to a 100 N axial load applied to the implant. The microm

where CLSIP1 and CSLIP2 are the principal tangential director vectors coplanar with th

CSLIP1 CSLIP1

Minimum (mm) Maximum (mm)

Friction coefficient=0 0.770 0.987

Friction coefficient=0.01 0.763 0.953

Friction coefficient=0.1 0.710 0.822
model relative differences of �7.1% and +1.0% for the 0.01 and 0.1
coefficient of friction’s models respectively are found (Table 3).
When it comes to von Mises stresses the relative differences are
respectively �0.7% and �5.4% (Table 4). For the absolute
magnitude of displacement relative differences are respectively
�0.16% and �1.21% (Table 5). The maximum relative motions
between the implant and the bony structure are about half of the
global micromotions of the two distinct structures. Colour plots
highlighting the bone–implant relative micromotions are given
for the 5 and 15 GPa Young’s modulus models on Figs. 8 and 9
respectively. The micromotion magnitude distribution is very
similar between the two models. Micromotions are maximum on
the sharp edges of the implant threads protruding into the bone.
The maximum magnitude of micromotions is about 1.5 mm for the
model with a 5 GPa Young’s modulus for trabecular bone for the
three coefficients of friction considered (0, 0.01 and 0.1) (Table 3).
The fact that the coefficient of friction has a negligible effect on
the micromotions of the implant with respect to the bone is
probably largely due to the type of load applied to the implant. i.e.
axial. Also, the geometries of the implant and bone are very
conforming and this offers very little scope for relative motions.
This is however a desirable feature for oral implants as excessive
micromovements induce fibrous tissue interposition (Brunski,
1993; Søballe et al., 1992) which are correlated with a lack of
osseointegration (Adell et al., 1990; Albrektsson et al., 1981;
Duyck et al., 2006; Leucht et al., 2007; Søballe et al., 1992). The
acceptable threshold of micromotion not to go over was
estimated by Brunski to be around 100 mm (Akagawa et al.,
1986; Brunski et al., 1979; Lum et al., 1991). Most of the published
FE studies of dental implant assumed a state of ideal
osseointegration. This idealisation amounts to a perfect bonding
he trabecular bone structure (15 GPa Young’s modulus) for different values of the

otion magnitude is the magnitude of the two-dimensional vector (CSLIP1,CSLIP2),

e two contacting surfaces.

CSLIP2 CSLIP2 Micromotion magnitude

Minimum (mm) Maximum (mm) Maximum (mm)

�1.46 0.854 1.584

�1.44 0.847 1.471

�1.37 0.797 1.568
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Fig. 8. Open view of the implant–bone complex showing local displacements (micromotions [mm] of the bone with respect to the implant) of the trabecular architecture

for a 100 N axial load. The value of the Young’s modulus of trabecular bone is 5 GPa.

Fig. 9. Open view of the implant–bone complex showing local displacements (micromotions of the bone with respect to the implant) of the trabecular architecture for a

100 N axial load. The value of the Young’s modulus of trabecular bone is 15 GPa.
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between the dental implant and the bony structure (Geng et al.,
2001). The virtual representation of an osseointegrated implant
corresponds to an infinite coefficient of friction between the bone
and implant. Our results showed that varying the coefficient of
friction between 0.01 and 0.1 had a negligible effect on the von
Mises stress magnitude (Table 5). Given that the effect is also
weak on micromotions (Table 3) one can extrapolate that
increasing the coefficient of friction towards a very large value
(to replicate osseointegration) would have little effect.

This corroborates a FE study by Papavasiliou et al. (1997) who
showed that stress distribution and magnitude for axial and
oblique loads are not affected by the level of osseointegration.

The physical implantation generates residuals stress in the
bone which influences the global behaviour of the implant–bone
complex. However, it is important to remind here that the
implant considered in this computational study was already
osseointegrated and that the residual stresses might have already
affected the mechanobiological response of the tissue.
4. Conclusion

This study described the development of a novel mCT-based 3D
FE model of an oral implant embedded into a portion of the
mandible of a pig which was used to investigate bone strains and
micromotions of the implant in response to an axial load. Influence
of the mechanical properties of the trabecular tissue, the coefficient
of friction between trabecular bone and titanium implant on the
strain distribution and micromotions were also investigated.

The major novelty of the present model is the fact that the 3D
trabecular structure of the bone obtained from mCT images was
accounted for together with its contact interactions with the
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dental implant. To the best of the authors’ knowledge this is the
first published FE model of this kind.

The new high level of resolution in the FE mesh of the
trabecular bony structure provided a new insight into the
complex bone strain distribution pattern and showed that
the calculated level of strain and micromotions in response to a
100 N load is in some qualitative/quantitative agreement with
published experimental data, thus confirming the usefulness/
potential of mCT-based FE models in dental mechanics.
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