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Comparing the influence of crestal cortical bone and sinus floor
cortical bone in posterior maxilla bi-cortical dental implantation:
A three-dimensional finite element analysis
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Abstract

Objective. This study aimed to compare the influence of alveolar ridge cortical bone and sinus floor cortical bone in sinus
areabi-cortical dental implantation by means of 3D finite element analysis. Materials and methods. Three-dimensional
finite element (FE) models in a posterior maxillary region with sinus membrane and the same height of alveolar ridge of 10 mm
were generated according to the anatomical data of the sinus area. They were either with fixed thickness of crestal cortical bone
and variable thickness of sinus floor cortical bone or vice versa. Ten models were assumed to be under immediate loading or
conventional loading. The standard implant model based on the Nobel Biocare implant system was created via computer-aided
design software. All materials were assumed to be isotropic and linearly elastic. An inclined force of 129 N was applied.
Results. Von Mises stress mainly concentrated on the surface of crestal cortical bone around the implant neck. For all the
models, both the axial and buccolingual resonance frequencies of conventional loading were higher than those of immediate
loading; however, the difference is less than 5%. Conclusion. The results showed that bi-cortical implant in sinus area
increased the stability of the implant, especially for immediately loading implantation. The thickness of both crestal cortical
bone and sinus floor cortical bone influenced implant micromotion and stress distribution; however, crestal cortical bone may

be more important than sinus floor cortical bone.
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Introduction

The posterior region of the atrophic maxilla is char-
acterized by thin cortical bone and low density
trabecular bone. In many cases, the height of the
bone in this region is insufficient to achieve high
primary stability because of the presence of the sinus.
Therefore, dental implants in this region show the
highest rate of failure and surgical techniques have
been proposed to increase their primary stability [1—
3]. The most commonly used surgical methods are
preparation of the site with tools one size smaller than
the diameter of the implant [4], bone compression
using an osteotome [5-7] and the use of bi-cortical
fixation [8].

It is generally believed by implant dentists that
longer implants give higher successful rates and better

prognosis. For a certain height of alveolar ridge in
atrophied posterior maxilla, some clinical researches
have already shown that the implant should be long
enough to provide sufficient retention force [9]. Since
masticatory forces are light and fleeting, these forces
are normally tolerated by the bone rather than evenly
distributed throughout the interface of implant and
bone [10]. Compared to implant length and width,
bone type and cortical bone engagement may be a
more important factor [11]. Okumura et al. [12]
reported that the thickness of crestal cortical bone
may heavily influence the stability of the implant.
Some studies suggested that bi-cortical implant in
the mandible may increase the initial stability and
reduce the stress of the cortical bone around the
implant neck [13,14]. However, in posterior maxilla
area, it’s not clear whether bi-cortical dental implant
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can be used and what is the influence of the thickness
of the two layers of cortical bone, due to the thin layer
of cortical bone in the sinus floor.

FEA (Finite element analysis) has been extensively
used to analyze biomechanical performance of various
clinical factors and to predict the outcome of implan-
tation [15]. The distribution of forces in peri-implant
bone of sinus area and maximum micro-motion have
been investigated by 3D-finite element analysis in
several studies [12,16,17], but none of these focus
on bi-cortical dental implant. Sinus membrane
trauma or exceeding micro-motion occurs frequently
at the initial stage of implant installation because of
the poor osseo-integration between implant and bone
[18]. Both may lead to early failure of implantation.
Several techniques can be used to measure primary
implant stability to ensure a successful implantation
[19]. Resonance frequency analysis (RFA) as a non-
destructive measurement has been widely used in
clinical practice in the recent years [20]. Resonance
frequency as a kind of physical property can be sim-
ulated by finite element analysis which has been
shown to be useful in biomechanical research of
dental implantation [21,22].

In this study, we hypothesized that the thickness of
crestal cortical bone and sinus floor cortical bone may
influence implant micromotion and stress distribu-
tion differently. To test our hypothesis, the biome-
chanics performance of bi-cortical implant in sinus
area (either immediate loading or conventional load-
ing) were examined by 3D finite element analysis of
maximum von Mises stress, stress distribution,
implant displacement, as well as resonance frequency
analysis.

Materials and methods
Implant system

The standard implant with a diameter of 4.0 mm and
a length of 10.0 mm was modeled (the shape and
structure was according to Nobel Biocare implant
system) and placed in the three-dimensional finite
element models of the sinus area. In order to simplify
the analysis, the model of the implant and the abut-
ment was modeled as a unit.

Stnus geometric modeling

Three-dimensional CAD models of posterior maxilla
with 0.3 mm thick [23] sinus membrane, 10 mm
height of alveolar ridge with different thickness of
the crestal cortical bone and sinus floor cortical
bone were generated using computer-aided design
software (SolidWorks 2012, Fukuoka, Japan). The
geometry of the maxilla was defined by a bucco-
palatal section according to the anatomical aspects
of the sinus area [24-27]. The first five models
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(Model 1-1 to Model 1-5) were constructed with
the same thickness of crestal cortical bone of 1 mm
and variable thickness (0.5 mm interval) of sinus floor
cortical bone from 0-2 mm. The second five models
(Model 2—1 to Model 2-5) were constructed with the
same thickness of sinus floor cortical bone of 1 mm
and variable thickness (0.5 mm interval) of crestal
cortical bone from 0-2 mm. Models 1-1 and 2—1 were
control models without sinus floor cortical bone and
crestal cortical bone, respectively. Models 1-2 and 2—
2 were the same with 1 mm crestal cortical bone and
1 mm sinus floor cortical bone according to the design
of the study. For all the models, the implant apex just
broke through the sinus floor cortical bone, which
meant the upper surface of the sinus floor cortical
bone and the apical surface of implant were in the
same level.

Material properties

The material properties of different kinds of tissues as
well as implants in the models were assumed to be
homogeneous, isotropic and linearly elastic. Young’s
modulus, Poisson’s ratio and Mass density of materi-
als used in the analysis were taken from the literature
[28-30], as shown in Table I.

Interface conditions

All the models were presumed to be in two kinds of
interface conditions. One represented ideal osseo-
integration for traditional loading, with 100% union
between the implants and maxilla; while the other one
represented a frictional interface before osseous inte-
gration on the implant-bone interface. Thus, we have
in total four groups which are named as follows:
Group 1: SC & IL (variable sinus floor cortical
bone & immediate loading); Group 2: SC & CL
(variable sinus floor cortical bone & conventional
loading); Group 3: CC & IL (variable crestal cortical
bone & immediate loading); Group 4: CC & CL
(variable crestal cortical bone & conventional load-
ing). To obtain initial stability for the situation of
immediate loading after implantation, it was modeled
using non-linear frictional contact elements, which
allowed minor displacements between implant and

Table I. Material properties ascribed to materials used in the
models.

Young’s Mass

modulus Poisson’s density
Material (MPa) ratio (g/cm?)
Titanium implant [28] 103 400 0.35 4.5
Cortical bone [28] 13 700 0.3 2.0
Cancellous bone (D3) [28] 1 370 0.3 1.0
Sinus membrane [29,30] 58 0.45 1.0
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bone. Under these conditions, the contact zone trans-
fers pressure and tangential forces (i.e. friction), but
no tension. The friction coefficient was set to
0.3 between implant and bone [31].

Loading and boundary conditions

An average force of 129 N [32] inclined posteriorly
30° relative to the implant axis and 30° away from the
sagittal plane was dispersed on the top of the implant
abutment. Ansysl4.5 software (ANSYS, Inc., Har-
bin, China) was used for FE analysis. All models were
constrained in all directions at the nodes on the mesial
and distal bone surfaces, the top of the simulated
sinus, sinus walls and sinus membrane. These models
were meshed with 4-nodes-tetrahedral elements and
8-nodes-hexahedron elements and composed of ele-
ments varying from 56 737-110 059 and nodes rang-
ing from 139 651-383 770 (Figure 1). The von Mises
stress values were measured in all kinds of implant
surrounding tissues along the tissue—implant inter-
face. To assess the distribution of stresses, maximum
von Mises stresses were visualized with stress contour
plots. The biomechanical effects were also analyzed
by comparing the maximum displacement of the
implant neck and apex. Buccolingual and axial reso-
nance frequencies of the implant were also analyzed.

Results
Stress distribution and maximum von Mises stress

Cortical bone of alveolar ridge and sinus floor.. When
implants were loaded with inclined force, von Mises
stress mainly concentrated on the surface of crestal
cortical bone around the implant neck for all the
10 models, regardless of immediate loading and

Figure 1. Finite element model of sinus area bi-cortical dental
implantation with bone containing nodes and elements. Sample
Model 1-2 with 1 mm thickness crestal cortical bone and 1 mm
sinus floor cortical bone and standard implant bi-cortical implan-
tation in the sinus area.

conventional loading. Stress distributions in crestal
cortical bone of Model 1-2 and Model 2-2 are shown
as examples in Figure 2.

The maximum von Mises stress of crestal cortical
bone and sinus floor cortical bone of different loading
opportunity and model groups were summarized
in Table II. Generally, the maximum von Mises stress
of sinus floor cortical bone under immediate loading
was much higher than that of conventional loading for
all the models. More specifically, for Group 1 and
Group 2 (fixed crestal cortical bone and increasing
sinus floor cortical bone), maximum von Mises stress
of crestal cortical bone was decreasing as the thickness
of sinus cortical bone increased for both immediate
and conventional loading. However, for maximum
von Mises stress of sinus floor cortical bone, the stress
was the highest when the sinus floor cortical bone
thickness was 1 mm (Model 1-3), the same thickness
as the crestal cortical bone. For Groups 3 and 4 (fixed
sinus cortical bone and increasing crestal cortical
bone), the trend of maximum von Mises stress in
crestal/sinus floor cortical bone was more or less the
same with Groups 1 and 2, except for crestal cortical
bone stress under conventional loading, which
increased with thicker crestal cortical bone.

Cancellous bone.. Von Mises stress mainly concen-
trated on the threads of the implant in the cancellous
bone for all the models. In Model 2-1, the von Mises
stresses were 23.39 MPa and 26.33 MPa for imme-
diate loading and conventional loading separately,
which were much higher than the other models
because of the absence of crestal cortical bone. Other
results are showed in Figure 3. Compared to the
highest von Mises stress model of each group, the
maximum von Mises stress decreased by 26.2%
(Group 1), 35.9% (Group 2), 10.1% (Group 3)
and 42.4% (Group 4).

Implant displacement

Maximum displacement of both the neck and apex of
the implant was analyzed and the results are showed
in Figures 4A (Implant neck) and B (Implant apex).
The implant displacements of immediate loading of
all the 10 models are shown in Figure 5. As the
thickness of the two layers of cortical bone increased,
the decrease of maximum displacements of implant
necks were not so obvious (SC & IL: 12.6%, CC & IL:
10.6%), but it appeared to have more influence for the
stability of implant apex (SC & IL: 67.7%, CC & IL:
40.3%). For conventional loading, the decrease of
implant neck maximum displacement was much more
obvious, especially the thickness of the cortical bone
increased from 0 mm to 0.5 mm (Figure 4A). For
implant apex, the effect of crestal/sinus floor cortical
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Figure 2. Stress distribution in crestal cortical bones. Model 1-2 with conventional loading (A), Model 1-2 with immediate loading (B),
Model 2-2 with conventional loading (C) and Model 2-2 with immediate loading (D) are taken as examples. In all conditions, maximum von
Mises stress is concentrated in the crestal cortical bone surface around the implant neck.

bone thickness increasing was almost the same (SC &
CL: 57.2%, CC & CL: 51.4%) (Figure 4B).

Implant resonance frequencies

Next, the first order bending mode along implant
longitudinal axial and the second order bending
mode of buccolingual direction were observed.
Figure 6 presents the two vibrational modes of the
implant-bone system. Figures 7A (Axial resonance
frequencies of implant) and B (Buccolingual reso-
nance frequencies of implant) showed the results of
implant resonance frequencies of immediate loading.
For implant axial resonance frequencies, an increase

of any kind of the cortical bone increased the axial
resonance frequencies. When the cortical bone thick-
ness was less than 1 mm, the influence of crestal
cortical bone and sinus floor cortical bone were
more or less the same. The implant axial resonance
frequencies increased rapidly as the crestal cortical
bone was more than 1 mm and continued to increase.
For implant buccolingual resonance frequencies, the
increase of any kind of the cortical bone also increased
the buccolingual resonance frequencies. When the
cortical bone thickness was less than 1 mm, with
the decrease of crestal cortical bone thickness, buc-
colingual resonance frequencies decreased rapidly
compared to the sinus floor cortical bone groups.
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Table II. Maximum von Mises stress in crestal and sinus floor cortical bone of different models and loading opportunities.

Immediate loading

Conventional loading

Crestal cortical

Sinus floor cortical

Crestal cortical

Sinus floor cortical

Model No. bone (MPa) bone (MPa) bone (MPa) bone (MPa)
Model 1-1 76.24 98.83

Model 1-2 62.63 41.03 73.94 9.19
Model 1-3 58.69 53.44 72.75 9.96
Model 1-4 57.22 42.46 70.41 9.20
Model 1-5 56.61 33.51 68.79 8.11
Model 2-1 23.39 36.75
Model 2-2 80.07 54.14 71.75 13.28
Model 2-3 58.69 53.44 72.75 9.96
Model 24 58.26 51.00 77.76 8.47
Model 2-5 56.76 50.18 85.43 7.01

The effect of two layers of cortical bone were more or
less the same when cortical bone thickness was more
than 1 mm. For all the models, both the axial and
buccolingual resonance frequencies of conventional
loading were a little higher than those of immediate
loading, but the differences were no more than 5%,
which is not statistically significant.

Discussion
Model

The models of posterior maxilla sinus area we used in
this study were based on our previous studies about
sinus lift without bone materials [33]. In order to
study variable thickness of crestal and sinus floor
cortical bone, we need to exclude the influences of
anatomical variations of bone so that results of dif-
ferent models are comparable [34]. As suggested by
Okumura et al. [35], the difference between the actual
anatomical model of maxilla and the abstractive
model is minimal in qualitative analysis. Thus, we
decided not to use the actual anatomical model of
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Figure 3. Maximum von Mises stress in cancellous bone for all the
models of immediate/conventional loading except Model 2—-1.

maxilla provided by CBCT data. Instead, three-
dimensional CAD models based on the same sketch,
which is according to the anatomic data of the sinus
area, has been developed to make the models more
comparable in this study. For all the groups, we used
one implant model in the fixed position excluding the
influences of implant length/width, position and
thread, etc., which was used in our previous study
[33]. The only difference between groups was the
thickness of crestal/sinus floor cortical bone, which
are considered as the most important factors in this
study.

Stress distribution and maximum von Mises stress

There are three main directions of bite forces: occlu-
sal, laterotrusion and protrusion [36]. Analysis of all
three directions of forces are sometimes performed to
study the stress distribution on implants [17,37]. To
focus on the influence of cortical bone thickness on
implants, we didn’t go into details of bite force direc-
tions. Our results indicated that, for the bi-cortical
implant in posterior maxilla area, no matter how the
thickness of sinus floor cortical bone varies, the
inclined occlusal force mainly relied on the crestal
cortical bone around the neck of implant. Especially
in the condition of conventional loading, the implant
neck cortical bone absorbed most of the loading force
when the implant and surrounding bone got osseoin-
tegration. The maximum von Mises stress of cancel-
lous bone declined linearly as the cortical bone
thickness increased. This applied to both the crestal
cortical bone and sinus floor cortical bone. Further-
more, the thickness of crestal cortical bone should be
thicker than 1 mm, otherwise the maximum von
Mises stress will be much bigger for immediate load-
ing. Our results of immediate loading were in line
with Han et al.’s [38] data which indicated that the
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Figure 4. Maximum displacement of the implant: (A) neck; (B) Implant apex.
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Figure 5. Implant displacement of immediate loading.

stresses were centralized at the crestal cortical bone of
the implant cervix.

With the increasing thickness of sinus floor cortical
bone, maximum von Mises stress of crestal cortical
bone decreased. For immediate loading, sinus floor
cortical bone can absorb more stress compared to
conventional loading, but the effect is not much
influenced by its thickness. The presence of sinus

A

'Lx

floor cortical bone in bi-cortical dental implantation
is important for both immediate loading and conven-
tional loading, but its thickness is not important since
maximum von Mises stress was not reducing with
increasing cortical bone of the implant neck. This
result was beyond the traditional thinking that max-
imum stress of the peri-implant bone decreased as
cortical bone thickness increased [39].

B

Figure 6. Vibrational modes of the bone-implant complex: (A) A mode; (B) Bending mode.
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Figure 7. Implant resonance frequencies of immediate loading: (A) Axial resonance frequencies of implant; (B) Buccolingual resonance

frequencies of implant.

Implant displacement

For immediate loading of inclined force, both the
maximum displacements of the implant neck and
apex were decreased slightly with increasing thickness
of the crestal/sinus floor cortical bone. These results
showed that the thickness of both layers of cortical
bone was not the key factor for keeping the implant
stable in the condition of immediate inclined loading.
However, in the condition of conventional loading,
the presence of crestal/sinus floor cortical bone and
its thickness played important roles in the reduction
of micromotion of implant, when the implant and
surrounding bone got osseointegration. In the study
of Chiang et al. [39], the micromotion level in
full osseointegration was less than that in non-
osseointegration and is also decreased as cortical
bone thickness increases, the results of which were
in agreement with our data.

Resonance frequencies analysis

It is generally accepted that primary stability is the
most critical factor for successful implantation. As the
immediate loading treatments are becoming more
and more popular, primary stability attracted much
more attention of the researchers and clinicians than it
used to be. Primary stability is the result of mechanical
engagement with the surrounding bone tissue and it
has been thought that primary stability mainly
depends on three major factors: (1) the implant bed
condition such as bone quantity/quality and cortical
bone thickness; (2) the mechanical characteristics of
the fixture placed in the bone; and (3) the surgical
techniques used to put fixture in the bone [40].
During the placement of an implant, primary stability
can be measured with various parameters such as
insertion and removal torque or by using RFA (Res-
onance frequencies analysis) or the Periotest. Some
clinical and animal studies have shown that there is
strong correlation between resonance frequencies
value and cortical bone thickness, which suggests

that cortical bone thickness plays a crucial role in
the primary stability of implants [41,42].

In principal, there are several forms of resonance
frequencies of implant. The most important forms for
dental implantation are axial and buccolingual reso-
nance frequencies. Axial and buccolingual resonance
frequencies of implant reflect implant stability in
vertical and horizontal directions, respectively. Our
data demonstrated that both axial and buccolingual
resonance frequencies increased with the increasing
of crestal/sinus floor cortical bone thickness in bi-
cortical dental implantation. The difference between
immediate loading and conventional loading was less
than 5% in bi-cortical dental implantation, regardless
of loading opportunities. Based on our data, the
difference between the immediate loading and
conventional loading is not statistically significant.
Bi-cortical implantation of immediate-loading can
get resonance frequencies values nearly equal to con-
ventional-loading. That means the implant is as stable
in immediate loading as conventional loading for the
same surgical technique of bi-cortical dental implan-
tation. This results were in favor to Wang et al.’s [14]
FEA study of bi-cortical implantation in the mandi-
ble. Based on this observation, we believe that the 3—
6 month healing process in conventional loading may
not benefit for osseointegration, in terms of RFA
values, which means a case of low RFA value with
immediate loading is very unlikely to have a higher
RFA value with conventional loading after 3—6 months
of healing. Clinically, this observation implies con-
ventional loading may not have significant advantages
over immediate loading, regarding osseointegration.

Conclusion

In conclusion, the results of this study demonstrated
that bi-cortical implant in the sinus area increased the
stability of the implant, especially for immediately
loading implantation. The thickness of both crestal
cortical bone and sinus floor cortical bone influenced



micromotion and stress distribution of the implant;
however, crestal cortical bone may play a more impor-
tant role than sinus floor cortical bone.
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