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Abstract

The success of dental implant treatment is related to the complex 3-dimensional (3D)
biomechanics of the implant-bone interaction. In this work, 3D numerical models are built based
on micro X-ray computed tomography (micro-CT) images of a cadaveric mandible specimen with
implants placed in it. The simulation results show that the computed strain values in bone are
sensitive to the uncertainties in trabecular tissue modulus and fairly insensitive to the modulus of
implants and teeth and the detailed geometry of the fixed boundary condition. A bone-volume-
fraction (BV/TV) based method is proposed to assign the tissue moduli of bone elements based on
their BV/TV to increase the connectivity of the mesh and to improve the accuracy of the models.
These models are potentially powerful for calculating the 3D full-field bone strain under implant
loading, enabling in silico testing of different implant designs, but demand validation of the
models. The computed results reveal high strain concentration at bone-implant contact areas and,
more importantly, in the buccal (lip-side) bone that is not making contact with the implant. The
computed strain concentration patterns are found to be in good agreement with the observations
from our prior experiments using 3D full-field mechanical testing coupled with micro-CT and
digital volume correlation. The buccal bone is thinner and less stiff than other areas of bone and is
also the commonly observed area of bone resorption after dental implant treatment.
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1. Introduction

According to the American Academy of Implant Dentistry (AAID), 3 million Americans
have dental implants and that number is growing by 0.5 million a year [1]. In a recent study,
patients with a combination of risk factors have long-term implant success rate of 65% [2].
Implant failure is associated with bone resorption in the mid-buccal (lip-side) plate, of which
the mechanism is still unclear [3]-[5]. Bone is a living tissue and adapts to changes in
mechanical loads [6]-[8]. The mechanics of implant-bone structures has been shown to
affect the early stages of healing at bone-implant interfaces in mice tibiae [9]. There isa
need to study 3-dimensional (3D) implant-bone mechanics as it relates to human dental
anatomy and long-term implant success.

A combination of experiments and numerical models, especially finite element models, has
been used to study bone and implant mechanics. In one study, 3D strain in trabecular bone
blocks with no implants was calculated and validated using digital volume correlation [10].
In another study, the 2-dimensional (2D) strain on the surface of epoxy resin with implant
installed in it was computed and validated using experimental results from digital image
correlation [11]. In a recent work, 2D strain around implant in mice tibia was predicted
using axisymmetric finite element models and validated by the experimental measurements
using machine vision photogrammetry [9]. To the best of our knowledge, the 3D bone-
implant finite element simulation as related to human anatomy hasn’t been validated using
3D strain mapping experiments.

In our prior work, the 3D implant-bone biomechanics in a human cadaveric mandible was
studied using mechanical testing coupled with micro X-ray computed tomography (micro-
CT) [12]. 3D strain contours in bone surrounding dental implants were mapped through
digital volume correlation (DVC) on micro-CT images of no-load and loaded specimens.
Our results revealed high strain concentrations located not only at the implant-bone contact
areas, but also in the buccal bone which is not in contact with the implants. In this work,
numerical models are built to compute the 3D strain distribution in the implant-bone
structures and to be validated with these experimental measurements.

The finite element method has been used extensively in the study of mechanics for bone and
bone-implant constructs. The trabecular bone was modeled either as a continuum with no
explicit microscopic trabecular structures [13]-[18] or as a spongy structure with the micro-
scale trabeculae [19]-[25]. When there were no micro-scale trabecular structures in the
models, the Young’s modulus of bone was modeled as a constant [13], [14], [18] or was
modeled according to the local CT number or Hounsfield unit from the CT images [15]-[17]
in an attempt to increase the accuracy of the models. In those models with micro-scale
trabecular structures, the trabecular bone can be meshed using a geometry-based method
[18], [22] or voxel-based method [18]-[21], [23]-[25]. The voxel-based method has shown
to be a straightforward method to mesh the complex trabecular structures. The results from
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voxel-based method also highly correlate with those from the geometry-based method and
experimental measurements [18]. However, a primary disadvantage of the voxel-based
method is that it often generates disconnected regions in the mesh. Tetrahedron elements
were used in the voxel-based method to improve the connectivity of the mesh [20], [21].
Another technique to improve connectivity is mass-compensated meshing [20].

In this paper, micro-CT scans of a cadaveric mandible with dental implants in it were
converted to voxel-based finite element models with detailed micro-scale geometry for the
trabecular structures. The strain distribution in bone under implant loading was computed
and compared with our prior experimental discoveries. Parametric sensitivity analyses were
conducted for critical model parameters. To increase the connectivity of the mesh and to
improve the accuracy of the models, a novel method of assigning Young’s moduli of
trabecular bone elements based on their bone-volume-fraction values was compared to the
standard approach.

Materials and Methods

Micro-CT Imaging and Image Processing

In our prior work [12], micro-CT images were obtained for two dental implants. They were
implanted in a human cadaver mandible to replace the two lateral incisors (teeth number 23
and 26 in the universal numbering system). Hence, the two implants were referred to as
implant 23 and implant 26.

The micro-CT images were processed in a 3D image analysis software (AVIZO, FEI
Visualization Sciences Group, Burlington, MA). They were cropped, resized and segmented
into four parts: implant, bone, tooth and background. The images were then processed by
our custom-written MATLAB code (MathWorks, Inc., Natick, MA) to generate 3D finite
element models of implant-bone structures. The periodontal ligaments connecting teeth and
bone were neglected. The teeth and implants were fully bonded to bone in the models.

2.2. Voxel-based Micro-finite Element (micro-FE) Modeling

Seven different meshes with increasing mesh density were created. Adjacent image voxels
(9%9x9, 8x8x8, 7x7x7 ... or 3x3x3, respectively) were combined together to form one
hexahedron element. The micro-CT images had isometric voxels with dimensions of 25 pm.
Hence, the finite element models had elements with isometric sizes of either 225, 200, 175,
150, 125, 100 or 75 pum, respectively. Figure 1 shows the models for the two implant-bone
structures with the finest mesh (75 um). As expected, the number of elements and the
number of nodes increased rapidly and nonlinearly with decreasing element sizes (Fig. 2).
For example, in the implant 26 models with the smallest element size of 75 um, there were
~5.5 million nodes and ~4.7 million elements in one model.

All materials were assumed to be linear elastic and isotropic. The anisotropic properties of
trabecular bone were reflected in its anisotropic geometries in the models. A range of
Young’s modulus was used to study the effects of tissue-level material properties on the
results. The intrinsic tissue moduli for trabecular and cortical bone were shown to be
comparable by previous nanoindentation experiments [26]. Thus, the Young’s moduli for
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cortical and trabecular bone in the models were modeled to be the same, ranging from 13 to
25 GPa [26]-[28], with increments of 2 GPa. For simplicity, the Young’s modulus of dentin
was used for the whole teeth, ranging from 12 to 18.6 GPa [29], with increments of ~2 GPa.
The exact composition and Young’s modulus of the Ti-Zr alloy implants in this work is
company proprietary. The Young’s modulus of one type of Ti-Zr implant was measured to
be 103 GPa [30]. The moduli for Ti and Zr are 116 and 96 GPa, respectively [31]. Hence,
the Young’s modulus of the implants were modeled to be from 100 to 116 GPa, with
increments of 4 GPa. The Poisson’s ratios were chosen to be 0.3, 0.31 and 0.34 for bone,
tooth and implant, respectively.

The finite element models were then imported into Abaqus software (Dassault Systemes
Simulia Corporation, Providence, RI) to apply boundary conditions. In our prior experiments
[12], the bottoms of the specimens were embedded in polymeric materials. Hence, the
bottom part of the models were fully constrained to have no displacement or rotation. A
static load of 150 N was uniformly distributed on the top surface of the implant to press it
downward, reflecting the loading condition used in our experiments [12]. Finite element
simulations were carried out in Abaqus software to compute the strain in bone under implant
loading.

2.3. Tissue Modulus Based on Bone Volume Fraction (BV/TV)

Trabecular bone is porous with its bone volume fraction (BV/TV) defined as the volume of
mineralized bone per unit volume of interest. In this work, we propose a new method to
model the bone elements in the voxel-based micro-FE modeling. The bone volume fraction
for each element was calculated by dividing the number of voxels in the element that were
labeled as bone in the segmentation process in section 2.1, by the total number of voxels in
the element. The Young’s modulus of a bone element is a function of its bone volume
fraction, given by [32], [33]

E=15BV/TV)*> (1)

where E is the Young’s modulus in the unit of GPa and BV/TV is the bone volume divided
by total volume, i.e. bone volume fraction, ranged from 0 to 1. The Young’s moduli were
assigned to each bone element using our custom-written Python code. The Young’s modulus
of 15 GPa was assigned to the nonporous cortical bone elements which had a BV/TV of 1.

3. Results

3.1

Strain Distribution

The computed 3D maximum principal strain in bone under implant loading is presented in
Fig. 3. In addition, the computed maximum principal strain on all cross-sections in the 3D
implant-structures for implant 23 is presented as an animation in the supplementary material.
High strain appears at the bone-implant contact areas. It also appears on the surface of
buccal bone at ~3 mm below the bone crest.
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The computed maximum and minimum principal strain contour on the implant-bone
structures on the longitudinal sections and cross sections are presented in Figs. 4 and 5,
respectively. In Fig. 4, high maximum principal strain appears at the implant-bone contact
regions, and the strain value decreases as it moves away from the implants and manifests
into the supporting bone. It is important to note the strain concentration in the buccal (lip-
side) and lingual (tongue-side) bones where they are not making contact with the implants.
In particular, strain concentration in the buccal bone is more substantial than that in the
lingual bone. In Fig. 5, minimum principal strain is lowest at the implant-bone contact
regions, and increases as it moves away from the implants. Strain concentration in the buccal
and lingual bones mostly appears in the regions that are making contact with the implants. In
the regions that are not making contact with the implants, there are not substantial
concentrations of minimum principal strain.

Figs. 3 to 5 show typical strain distributions resulting from models with an element size of
75 um; Young’s moduli of 15, 116 and 18.6 GPa for bone, implant and tooth, respectively;
and the bottom 2.25 mm of the models fixed. With the change of these model parameters,
our models resulted in similar patterns in strain distribution, but of different values. The
effects of these model parameters on strain values will be discussed in the following
sections.

The computed highest elemental strain in the bone was dependent on the mesh of the
trabecular bone and did not stay at the exact same location in models with different
parameters. However, across all models the characteristic high maximum principal strain
appeared in the same region in the mid-buccal bone, as shown in Fig. 3. Hence, the average
maximum principal strain in bone in a volume-of-interest (\VOI) at the vicinity of the
implants was computed and used in the following discussions. The location and dimension
of the VVOI are illustrated in Fig. 3. The VOI included the high strain regions at the implant-
bone contact areas, as well as those in the buccal bone. The method of comparing results in a
sub-volume of bone at the vicinity of implant was also used by Korabi et al [34].

3.2. Mesh Convergence and Computational Cost

In the models for implant 26, the averaged maximum principal strain in bone in the VOI at
the vicinity of the implants increased with decreasing element size, as presented in Fig. 6.
Similarly, implant 23 in bone models also resulted in increasing strain with decreasing
element size. When the element size was reduced from 125 um to 75 pum, the averaged strain
in bone only increased by 3.0% (Fig. 6), indicating adequate mesh convergence.

When the element size reduced from 225 um to 75 pm, the number of nodes increased from
~ 0.2 million to ~ 5.5 million (Fig. 2), while the computer memory required for calculation
increased from ~20 GB to ~ 500 GB. The computing time also increased dramatically with
decreasing element size. Models with element size smaller than 75 pm were also built, but
were not able to be solved because of the limitation of our computing capability (16 CPU of
2.2 GHz Intel Xeon and memory of ~500 GB). The models with the finest possible mesh
that we could achieve (75 um) were used in the following results.
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3.3. Sensitivity to Other Model Parameters

When the tissue modulus of bone increased in the models, the stiffness of bone increased,
hence the computed average maximum principal strain in the above-mentioned VOI for bone
decreased, as presented in Fig. 7. The relationship between the strain in bone and the tissue
modulus of bone is linear (Fig. 7), consistent with the models’ linear elastic material
properties. The resulting small strain also suggests there is no geometric non-linearity under
normal chewing and biting forces.

The Young’s modulus of implants in the model did not have a substantial effect on the
computed strain in bone (Fig. S1A). As the Young’s modulus of implant increased by 16%
from 100 GPa to 116 GPa, the strain in the top 1/3 of the implants decreased within 5%, and
the change of strain in the bottom 2/3 of the implants was almost negligible. The load
dissipation from implants to bone did not change significantly. Hence, the average strain in
bone in the VOI did not change substantially (Fig. S1A).

The Young’s modulus of teeth in the models did not have a substantial effect on the
computed strain bone, either (Fig. S1B). The strain in teeth was much lower than that in
bone when the implants were loaded (Figs. 3 to 5). They were located further away from the
implants, compared with the VOI. Hence, it appears generally acceptable to neglect the
detailed differences in the structures and materials properties of enamel, dentin and pulp.

The bottom part of the models were fully fixed with no rotation or displacement. As the
height of the fixed bottom part increased, the computed average strain in bone in the
volume-of-interest did not change markedly (Fig. S1C). Because the fixed bottom is far from
the VOI, the height of fixed part does not substantially affect how the load were transmitted
from implant to bone or how the bone in the VVOI were deformed and strained. In the
experiments, the bottom of the specimens were embedded in PMMA. The results from these
simulations also suggest that the amount of the PMMA embedding material used in the
experiments does not have a substantial influence on the experimental results, when its
height is much lower than the height of the VOI.

3.4. BV/TV-based Tissue Modulus

Compared with uniform tissue modulus of 15 GPa, when the tissue modulus of each bone
element was assigned based on local BV/TV, the number of nodes increased by 5.8% and
6.4% for implants 23 and 26 in bone models, respectively (Table 1), with other parameters
held constant. Similarly, the number of elements increased by 7.3% and 8.1%. The trend of
3D strain distribution is similar to that resulting from uniform tissue modulus, with high
strain at the bone-implant contact regions and mid-buccal bone. Importantly, the computed
average maximum principal strain values in the VOI increased by 22.6% and nearly 40% for
implants 23 and 26 in bone models, respectively, when using BV/TV-based method as
compared to using the uniform modulus.
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4. Discussion

4.1. Comparison of Experimental Measurements and Simulation Results

The computed patterns of strain distribution are in good agreement with the patterns
obtained from our prior experiments using mechanical testing coupled with micro-CT and
digital volume correlation [12]. In the experiments, high strain concentration for maximum
principal strain was also discovered at the bone-implant contact locations, especially on the
distal side. The experimental results also revealed strain concentration in the mid-buccal
bone that was about 5 to 7 mm below the bone crest. The strain values in buccal bone
obtained from experiments for implant 26 was not as high as those for implant 23, but the
trend of strain concentration in buccal bone is consistent in the two specimens. In contrast,
the strain concentration on the surface of the lingual bone was not substantial.

However, the computed maximum principal strain values at bone-implant contact regions are
higher than those obtained from experiments. In the experiments, the implants were placed
into cadaver specimens and bone-implant interfaces included no osseointegration. But, in the
numerical models, the bone-implant interfaces were fully bonded and may be over-
constrained. The directions of future work include the improvement of bone-implant
interface interactions to better represent bone-implant contact before osseointegration.

On the other hand, the computed maximum principal strain in the mid-buccal bone was
lower than that obtained from prior experiments using the same specimens. This may be at
least partly attributable to beam hardening artifacts that may have affected the strain
mapping using digital volume correlation of no-load and loaded images. The mismatch of X-
ray attenuation coefficients for metallic implants and hard and soft biological tissues resulted
in the beam hardening artifacts in the micro-CT images. Although the artifacts have been
suppressed in the experiments using a combination of physical filter and a reconstruction
algorithm, they were not fully removed.

Alternatively, the tissue strain values may be underestimated in the numerical models.
Several studies using voxel-based finite element simulation for trabecular bone with the
absence of implants suggested that the accuracy of the models depended on the element size
in relation to trabecular thickness [20], [23], [35]. The trabecular thickness values in this
study are 331 um and 320 um for the two specimens, which is nearly 4 times greater than the
element size of 75 um. The accuracy of the models could have been improved by further
reducing the element size, but the total number of elements/nodes in the models reached the
limitation of our computation capability. For studies of implant biomechanics, the overall
size of specimens (which influences model size) in the experiments and the numerical
models need to be large enough to accommodate the implants. Wee et al. [24] explored a
multi-scale modeling method that passed the results from macroscale models with no micro-
scale trabecular structures to the micro-scale models with voxel-based micro trabecular
structures by prescribed boundary conditions. The method was effective yet cumbersome.
There is a need to seek for other methods for the improvement of the accuracy of these
numerical models of implanted constructs.
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4.2. Tissue Modulus for Trabecular Bone

The accuracy of the computational results depends on the selection of trabecular tissue
modulus (Fig. 6). However, there are large discrepancies in reported trabecular tissue
modulus from prior experimental and computational studies. Ryan and Williams measured
trabecular tissue modulus values between 0.4 and 3.6 GPa, using tensile tests on single
trabeculae [36]. Other studies, using three or four-point bend tests, resulted in tissue
modulus values from 3.81 to 5.72 GPa [37]-[39]. Rho et al. determined the tissue modulus
of single trabeculae, using microtensile testing and ultrasonic techniques, to be 10.4-14.8
GPa [40]. Rho et al. found Young’s modulus for trabecular bone to be 13.5-22.7 GPa using
a nanoindentation technique [26], [27]. Rietbergen et al. used a numerical model in
combination with experimental data taken from the literature and determined the trabecular
tissue modulus be 2.23-10.1 GPa [23]. The discrepancies in the tissue modulus could be
attributed to the differences in the experimental methods, the individual variations, the
different anatomic locations and the anisotropic properties.

The models with uniform bone modulus (section 2.2) have inherent limitations. When the
adjacent image pixels were combined to form a hexahedral element, only those elements
with a BV/TV of 50% and above were modeled as bone. If their BV/TV values were not
100% (solid elements in Fig. 8), by assigning the uniform Young’s modulus of bone to these
elements, their stiffness values were overestimated. In contrast, for those elements with
BV/TV greater than 0 but lower than 50% (dashed elements in Fig. 8), they were modeled as
empty space, with underestimated (zero) stiffness. Moreover, this process created
discontinuities in the mesh. One example is illustrated in Fig. 8. When the dashed elements
were modeled as empty spaces, the solid elements had insufficient constraints and usually
resulted in zero pivot errors or numerical singularities. They had to be deleted to achieve
convergence of the simulations. These processes resulted in disconnected regions in the
model, and compromised the geometry and stiffness of the models. In the current study,
when the element size decreased, the number of unconnected trabeculae was also reduced,
because the models with finer mesh can more accurately represent the actual geometry of the
trabecular bone. Ulrich et al. also suggested that the number of unconnected bone parts
indicates the inaccuracy of the models [20].

There were several efforts taken in prior studies to improve model accuracy. Voxel-based
tetrahedron elements can improve the connectivity of the mesh [20], [21], but this method is
not as straightforward as the hexahedral elements. Another technique to improve
connectivity is mass-compensated meshing [20], in which the CT number threshold is
arbitrarily selected to achieve the desired BV/TV of the models. The mass-compensated
method compensates the loss of unconnected parts by thickening of the remaining structure.
In other models without micro-scale trabecular structures [15]-[17], the tissue modulus of
bone was assigned according to the local CT number or Hounsfield unit from the CT images
in several models. However, this method is not applicable in this study due to the beam
hardening artifacts resulting from the metallic implants. When substitutive polymeric
implants were used in the experiments [9], the artifacts in the CT images may be removed,
but the bone-implant mechanics may also be altered. Akagawa et al. modeled
osseointegrated titanium implants in monkey mandible and assigned Young’s modulus for
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bone elements based on their BV/TV. Their method was time-consuming, because their 3D
models and BV/TV values were obtained from sectioning and grinding of the specimens at
intervals of 75 pm and tracing of the bone cross-sections using a profile projector.

The BV/TV-based trabecular tissue modulus method proposed in this work was achieved
using less time-consuming micro-CT imaging. It has several advantages compared with the
uniform tissue modulus method. First, the estimation of stiffness was more accurate for
those elements with BV/TV that are not 100%, compared with the uniform modulus method,
in which the elements with BV/TV less than 50% were deleted and underestimate and
BV/TV between 50% to 100% were overestimated. Second, the BV/TV-based method
increased the connectivity in the mesh by adding elements with BV/TV less than 50% to the
models. In Fig. 8, besides the solid elements, the dashed elements were also modeled as
bone elements with relatively lower Young’s modulus. The constraints for the solid elements
were increased. And both the solid and dashed elements can be kept in the model. It is
shown in Table 1 that the number of nodes and elements both increased, when BV/TV-based
Young’s modulus was assigned to bone elements. The number of zero pivot errors or
numerical singularities was also greatly reduced in these simulations. These are the
indications of the improvement of the accuracy of the models [20]. Third, the results (Table
1) show that with little increase in node number and computational cost, the computed strain
values largely increased and were closer to experimental measurements. Moreover, this
method is still voxel-based with all elements being hexahedron, hence it is more
straightforward than using tetrahedron elements [20], [21]. It is also less arbitrary than the
mass-compensated meshing method [20], because there is no need to adjust the CT number
threshold.

Implications

The strain distributions in bone are related to the bone-implant contact geometry and
anatomy of mandibular bone. When the load was applied on the implants, the implants were
pushed into the tooth sockets and pressed on the alveolar bone, hence the high strain
concentration at bone-implant contact regions can be expected. However, the high strain in
buccal and lingual bones is less intuitive, because these regions are not directly making
contact with implants. The alveolar sockets were expanded when the implants were loaded
and resulted in tensile strain in buccal and lingual bones (Fig. 4). The strain in buccal bone is
especially higher and could be attributed to the fact that the buccal bone is thinner and less
stiff than the lingual bone (Figs. 4C and 4D).

An important advantage of this study of dental bone-implant mechanics is the consideration
of human 3D anatomy including the alveolar socket geometry and differences between
buccal and lingual bones. Other methods using animal models with different anatomy may
not reveal the same strain pattern as those in human mandibles. Axisymmetric models [9]
and 2D models that do not have buccal and lingual bone geometry were not likely to reveal
high strain in mid-buccal plates, either.

The results obtained from the current simulations provide insights that could guide the future
improvement of the dental implant treatments. Dental implant failure is associated with bone
resorption in the mid-buccal plate, of which the mechanism is still unclear [3]-[5]. The
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failure criteria of bone are complex. The experimental studies on the strength of bone have
shown that the compressive strength were higher than tensile strength for both cortical and
trabecular bones [41]-[44]. The strengths of bone have also found to be anisotropic [41]-
[44]. The studies on the fracture toughness and the crack growth resistance of bone have
shown a combination of several toughening mechanisms for bone [45]-[48]. Also, the crack
driving forces for small cracks have found to be much lower than those for larger cracks.
Moreover, bone is a living tissue and adapts to the changes in mechanical loads even below
the critical loads [6]-[8]. The current simulation results show that the immediate loading on
dental implants results in higher strain on the buccal bone than the lingual bone (Figs 3 and
4). The strain concentration in buccal bone could be a contributing factor for the bone loss in
this region. Our work provides valid models with high resolution and fidelity for future
studies of implant-bone biomechanics towards the success of implant treatment, using
alternative boundary conditions, implant designs, or bone morphologies that may be
clinically relevant. For example, future work can explore the effects of bone graft between
implants and native bone on the biomechanics of bone-implant constructs. The possible
direction of future work also includes the investigation of implant-bone biomechanics during
the osseointegration process and the long-term bone remodeling after the healing period.
Further consideration should be given toward reducing the strain concentration in the buccal
bone.

5. Conclusions

This paper presents the results of 3D voxel-based micro-scale finite element modeling for
dental implants in mandible bone converted from micro-CT images. The results show that
computed strain values in bone were sensitive to the uncertainties in trabecular tissue
modulus. To increase the accuracy of the models, Young’s modulus of bone elements was
assigned based on their BV/TV. This method also increased the connectivity for the mesh
and reduced the zero pivot errors and singularity warnings. The computed results showed a
higher strain concentration in mid-buccal bone than those on the lingual bone, which is in
good agreement with our prior experimental discoveries using micro-CT-coupled
mechanical testing and digital volume correlation. Our results suggest that clinically
observed bone resorption patterns on the mid-buccal bone and implant failures could be
related to the strain concentrations in mid-buccal bone. Our methods provide valid models
for future investigations of alternative implant treatments towards the improvement of
clinical success.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The voxel-based finite element model for (A) implant 23 in bone and (B) implant 26 in

bone, with inset images showing the detailed 3D trabecular structures in the model. The
element size is 75 um. Blue — implant; Grey- bone; and Yellow — teeth.
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Fig. 2.
Number of elements and number of nodes for several implant 26 models with decreasing

element size.
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Fig. 3.
The computed 3D distribution of maximum principal strain in bone under implant loading
for (A) implant 23 in bone and (B) implant 26 in bone.
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Fig. 4.

Maximum principal strain distribution on the longitudinal sections for (A) implant 23 in
bone and (B) implant 26 in bone and on the axial cross sections for (C) implant 23 in bone
and (D) implant 26 in bone.
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Fig. 5.

Minimum principal strain distribution on the longitudinal sections for (A) implant 23 in
bone and (B) implant 26 in bone and on the axial cross sections for (C) implant 23 in bone
and (D) implant 26 in bone.
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Computed maximum principal strain in bone from several models with various element sizes
for implant 26 in bone.
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Fig. 7.
Computed maximum principal strain in bone from several implant/bone models with

different Young’s modulus of bone.
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Fig. 8.
A schematic showing the voxel-based meshing with uniform Young’s modulus (solid

elements) and the Young’s modulus based on bone-volume-fraction (solid and dashed
elements).
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Comparison between uniform Young’s modulus and BV/TV-based Young’s modulus for bone

Table 1

Page 22

Implant 23 in Bone

Average Maximum Principal Strain in the VOI

Number of Nodes

Number of Elements

Uniform Young’s Modulus

0.0171%

5293231

4624186

Bone-volume-fraction-based Young’s Modulus

0.0221%

5616390

4989557

Implant 26 in Bone

Averaged Maximum Principal Strain in the
Ol

Number of Nodes

Number of Elements

Uniform Young’s Modulus

0.0188%

4996109

4328418

Bone-volume-fraction-based Young’s Modulus

0.0309%

5339742

4711509

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2019 July 17.



	Abstract
	Introduction
	Materials and Methods
	Micro-CT Imaging and Image Processing
	Voxel-based Micro-finite Element (micro-FE) Modeling
	Tissue Modulus Based on Bone Volume Fraction (BV/TV)

	Results
	Strain Distribution
	Mesh Convergence and Computational Cost
	Sensitivity to Other Model Parameters
	BV/TV-based Tissue Modulus

	Discussion
	Comparison of Experimental Measurements and Simulation Results
	Tissue Modulus for Trabecular Bone
	Implications

	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Table 1

