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Three dimensional finite element analysis
of a novel osteointegrated dental implant

designed to reduce stress peak of cortical bone
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A new type of dental implant was designed as multi-component mainly including inset and abutment between which a gap was in-
troduced to guide the force to transmit from the cancellous bone to cortical bone, with the intention to lower the stress peak at cortical
bone. By way of finite element analysis (FEA) associated with advanced computer tomography (CT) and 3D model reconstruction tech-
nology to construct precise mandible model, biomechanical aspects of implant were investigated. Compared with traditional implant that
created stress dominantly at cortical bone, stress peak at the implant/bone interface in the cervical cortex decreased sharply (about 51%)
for the new type of implant. Furthermore, applying varying implant shape and gap dimensions helped to optimize the design of this new
implant. Optimization results revealed that: (1) screwed cylindrical implant is superior to tapered, stepped and smooth cylindrical implant
in effectively decreasing the stress peak of bone; (2) deepening and widening gap would contribute to the decline of stress peak, but at
the cost of break and destruction of the inset; (3) suitable gap size with the depth of 7 mm and width of 0.3 mm would be applicable. This
work may provide reference for clinical application of dental implant.
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1. Introduction

In terms of the Mechanostat concept, bone is main-
tained if the forces acting on it are in an equilibrium state
[1], [2]. Inadequate stresses cause disuse atrophy of the
bone, while excessive local stresses around an implant
result in pressure necrosis of the host bone, microfrac-
tures and marginal bone loss with potential implant fail-
ure [3], [4]. From biomechanical view, rational stress
distribution obtained in bone surrounding dental im-
plants is critical to maintain the bone–implant interface
and determine the success of dental implants [4], [5].

To investigate stress distribution at the bone/implant
interface, finite element analysis (FEA) is a useful

tool that has been applied to dental systems to simu-
late behavior under masticatory loading. The stress
distribution around dental implants has been studied
by FEA, indicating that the main stress peaks arise
around the neck of the implant in the upper cortical
layer [6]–[8]. The risk of implant failure due to exces-
sive stress concentration in marginal bone has often
been recognized. Some studies have emphasized the
importance of implant designs which can reduce the
level of stress at the neck of the implant [9]–[12]. And
it was shown that stresses in cancellous bone were
considerably lower than those in cortical bone [13]. It
was hypothesized that designs intended for transmit-
ting stress from cancellous bone to cortical bone may
be effective in reducing stress peaks of cortical bone.
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But the obstacle is how to design the implant that can
effectively transfer stress to cortical bone via cancel-
lous bone.

In this paper, a new type of dental implant with the
intention to create stress initially at cancellous bone to
reduce the stress peaks in the surrounding upper corti-
cal bone was designed and evaluated by FEA. The
analysis was carried out based on improved accuracy of
mandible model by introducing computer tomography
(CT) technology [14], [15], with precise definition of
both the geometry and the mechanical properties,
which was closer to the real condition. Furthermore,
implant shape and parameters were studied to predict
the dimensional effects on stress distribution of bone,
in order to optimize the implant design. This work
was intended to lend references for clinical applica-
tion of dental implant.

2. Materials and methods

2.1. The design of the new type
of dental implant

The new type of dental implant consisted of three
parts: an inset, an abutment and an airtight circle. The
whole system was an axisymmetrical cylindrical solid,
with its symmetrical profile shown in Fig. 1. The
abutment was implanted into the jaw bone, with the
inset secured to the abutment by screw connection at
the region of segment B and segment C. Different
from the typical design of dental implant, a gap with
certain depth and length between the inset and abut-
ment was introduced, intended to transfer forces from
cancellous bone to cortical bone instead of the tradi-
tional way of transmitting forces directly to sur-
rounding cortical layer. For the inset, the depth of the
gap, i.e., the length of segment A below the circle, can
be adjusted by altering the length of segment C. The

joint area of segments B and C in touch with the
abutment was designed to be slope with edge filleted
to buffer the force transmitted to this area. The airtight
circle, made of Telfon, was added at the outlet to
serve the role of sealing.

Fig. 1. Design of the new type of dental implant
(left: the assembly; right: the disassembled component:

1 – abutment; 2 – inset; 3 – airtight circle)

2.2. The construction
of the three dimensional FE model

2.2.1. CAD model of mandible

The geometry and material data were acquired
from CT slices of the mandible of a 25-year-old
female. Figure 2a shows typical sections within the
whole sections. The maximum available spatial
resolution within a slice is about 0.5 mm and about
1 mm between two slices. The CT value for the
cortical bone is from 1200 to 2012 HU, averaged
about 1600 HU, while for the cancellous bone
ranged from 500 to 900 HU. Each pixel possesses
an information depth of 16 Bit (65536 grey values).
Resolutions of the 2D-Slices are 512 × 512.The
data are given in the DICOM format and can be
read into the CAD software. Outer shape of the
mandible in each slice can be easily obtained, for

Fig. 2. Construction of FE model of mandible with implant:
(a) CT sections of human mandible, (b) CAD model of mandible, (c) FE model of mandicle

a) b) c)
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the density in the grey values differs significantly
from the surrounding tissue. But the border between
the cortical plate and the cancellous inner region is
hard to be reliably detected; only an approximate
borderline was drawn. After 2D-segmentation was
done by selecting and modifying the contours, 3D
CAD model of mandible with cortical and cancel-
lous zones was reconstructed (Fig. 2b).

2.2.2 Building FE model
of mandible bone

with new type of implant

The following were measured from the CT data:
the height of cortical bone is about 28–30 mm, the
distance of buccal-lingual side is about 13–15 mm,
and a 2~3 mm thick cortical bone surrounded the can-
cellous bone at the upper side.

The new type of dental implant was implanted in
the second premolar position, with implant diameter
of 4 mm and thread length of 14 mm in the bone.
The depth and the width of the gap were 7 mm and
0.3 mm, respectively. Having trivial effect on the
analysis result, the circle was omitted for analysis.
As for the symmetry of mandible, only a half was
adopted. Besides, the crown was out of calculation
for economic reasons. The assembling of the bone
and implant was accomplished in CAD environ-
ment. Meanwhile, traditional cylindrical implant
that was only one-part was selected as control
group.

2.2.3. Material properties
for the FE models

After being converted to FE model using the soft-
ware of ANSYS 10.0 (ANSYS Inc., Southpointe, PA),
mechanical properties were assigned to the components
as follows: the dental implant was made of titanium
alloy (TC4) with elastic modulus of 116 GPa and Pois-
son’ s ratio of 0.3; the cortical bone was with a constant
elastic modulus of 15 GPa and Poisson’s ratio of 0.3;
the cancellous bone was classified as dense, with elastic
modulus of 1.5 GPa and Poisson’s ratio of 0.3. Both the
implant and the bone were assumed to be isotropic,
homogeneous, and linear elastic.

2.2.4. Constraints and load cases

Simulating the static state after the period of os-
seointegration, the implant was assumed to be inte-
grated to the cortical bone and cancellous bone. For
the new type of implant, the interface of the inset part
and the abutment was defined as fully binded. There is
no relative movement assumed within the integrated
parts which allows them to share the same nodes.
Element type of eight-noded solid 185 was chosen to
free mesh the assembly, with contact region refined.
As a result, 112174 and 111577 nodes were created
for the new type of implant and traditional one, re-
spectively. In agreement with the anatomic studies, all
degrees of freedom of the nodes at the mandible bot-
tom and the condyles (marked in Fig. 2c), the attach-
ment regions of the masticatory muscles to prevent the
rotation of the model around the condyles, were con-
strained, as shown in Fig. 2c. Symmetrical boundary
condition was applied to the symmetrical surface of
bone (a in Fig. 2c). On the buccal cusps of the fixed
prostheses, 400 N 15°oblique forces [16] (F in Fig. 2c),
simulating biting force in adults at premolars, [17]
were applied. FEA analysis was carried out using
ANSYS software.

2.2.5. Optimization of the new type
of implant

Dimensional effects of the implant parameters on
stress distribution of bone for the new type of im-
plants, focusing on the depth and width of the gap,
were predicted. The geometrical dimensions are listed
in Table 1.

Implant shape effects was another factor to be
investigated. In this study, smooth cylindrical,
stepped, tapered and screw-surfaced cylindrical
implants were selected for the abutment part of the
new type of implant. Furthermore, as for screw im-
plant, the full length and pitch size of screw as the
influencing factors were studied. In Table 2, the
main dimensions of four screw implant models are
listed.

For all the implants, the same loading and bound-
ary conditions were applied.

Table 1. Main dimensions of the implant model

Implant symbol
d-0 mm d-2 mm d-3 mm d-5 mm d-7 mm d-9 mm w-0.5 mm

Gap depth (mm) 2 3 5 7 9 9
Gap width (mm) 0.3 0.3 0.3 0.3 0.3 0.5
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Table 2. Dimensions of screw implant

Implant number
(s1) (s2) (s3) (s4)

Pitch size (mm) 7 7 10 10
Screw length (mm) 0.7 0.4 0.7 0.4

3. Results

The results were displayed as 2D contour plots or
path plots of von Mises stress.

3.1. Comparison of the new type
of implant with the traditional one

2D contour plots of von Mises stress of mandible
with implant for the new type of implant and tradi-
tional one are shown in Fig. 3a, c, respectively. Also,

corresponding contour plots of components where the
stress peak (MX) of the whole system occurred were
given (Fig. 3b, d). From the results, it was shown that
the stress peak (MX) was located at the dental implant
at the lingual side for both types. The difference is the
region of implant and the value. For the new type of
implant, the value of stressstress peak positioned at
the bottom area of segment A of the inset amounted to
674 MPa. For traditional implant, the value of it was
just at the exit of the contacting area with the upper
cortical layer that has the maximal stress of 150 MPa.

Figure 4a, b shows the stress distribution at the
interface of bone with hidden implant from cutaway
view. Maximal stress (MX) was at the border of corti-
cal bone and cancellous bone for the new implant, and
at the topside of the interfacial upper cortical layer for
traditional implant, both at the lingual side. For com-
parison, maximal stress of bone declined from 98.9
MPa of traditional implant system to 47.9 MPa of the
new implant system, almost 51.6%.

Fig. 3. Contour plots of Von Mises stress distribution of implants and bone:
(a, b – new implant with gap depth of 7 mm and width of 0.3 mm; c, d – traditional implant)

Fig. 4. Contour plots and path plots of von Mises stress distribution of bone:
a, b – contour plots of stress distribution of bone; c – path plots of interfacial stress distribution along P1-P2-P3-P4-P5-P6 (a)

a) b)

c) d)

c)b)a)
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Path plots of von Mises stress distribution of bone
at the implant/bone interface along P1-P2-P3-P4-P5-
P6 shown in Fig. 4a, from the buccal side to lingual
side, are exhibited in Fig. 4c. The curves revealed the
trend that stress at the cortical region is higher than
that at cancellous region, at lingual side higher than at
buccal side. For the new type of implant, wave crests
of the curve correspond to cortical/cancellous bound-
ary at both sides. At the lingual side, there is a rapid
increase of stress in the boundary area and then the
maximal stress was reached, subsequent to which was
a steep decline. After coming to the lowest point,
stress ascended gradually. The inclination is the same
at buccal side, but the stress at the boundary is lower
than cortical end. For traditional implant, stress distri-
bution is closer to that of new implant at buccal side,
but there is only an increase at lingual side. The stress
of cortical bone along the path for traditional implant
is higher than that for the new implant, especially at
lingual side, with an increase of 39.7% at buccal side
and 61.1% at lingual side. In the cancellous region,
the new type of implant showed a relatively higher
stress distributed than traditional implant.

3.2. Geometrical dimensional effects
on the stress distribution of bone

To study the effects of varying the dimension of
the new type of implant, mainly the depth and width
of the gap between the inset and abutment, seven
models with six kinds of depth size and two kinds of
width size were investigated (Fig. 5).

In Fig. 5a, maximal stress of bone at the im-
plant/bone interface for the seven models is drawn in
column. Maximal stress in implants with zero gap
depth is the highest, almost equal to traditional one.
With the deepening of gap, maximal stress decreased.
For implants of the adjacent size, significant declina-
tion is between the depth of 2 mm and 3 mm. Besides,
the drop of maximal stress between gap depth of 7

mm and that of 9 mm is also prominent. On the other
side, the difference between model d-9 and w-0.5,
which differs only in gap width, is not so evident.

Stress distribution of bone at the implant/bone in-
terface along the path P1-P2-P3-P4-P5-P6 (Fig. 4a)
for the seven models has also been plotted, as shown
in Fig. 5b. It can be drawn that the shape of curves for
all models except model d-0 mm approximate, espe-
cially at the buccal side. Maximal stress ascended and
situated approaching to the cortical end with the
shortening of gap. Additionally, stress distribution of
model d-0 mm resembles that of traditional implant to
a large degree.

For implants, stress peak in implant for model
d-0 mm, d-2 mm, d-3 mm, d-5 mm and d-7mm has little
difference, which ranged from 670 MPa ~700 MPa. But
a much higher stress peak, nearly 1200 MPa was ob-
served in model d-9 mm and w-0.5 mm. This indi-
cated gap depth that exceeded certain level would
make implant unstable. Concluding, d-7 mm was
more suitable for the design of new implant, with
remarkably decreased bone stress and moderate im-
plant stress peak.

3.3. Shape effects
on stress distribution of bone

After choosing the suitable size of depth for im-
plant, further investigation of abutment shape was
given. It was observed from the contour plots of the
bone with different shapes of new implant shown in
Fig. 6a, b, c that of the implants in four shapes, ta-
pered implant showed the highest maximal stress
(MX) of 52.9 MPa, which was 9.5% higher than
smooth cylindrical implant. Next in sequence was
stepped implant, with maximal stress close to tapered
one which was nearly 7.5% higher than smooth cylin-
drical one. Lowest maximal stress was obtained in
screw implant (model s1). There was a marked de-
crease of 11.9 MPa for screw implant compared to

Fig. 5. Maximal stress of bone (left) at the implant/bone interface: left – maximal stress of bone for different types of implant model;
right – path plots of bone stress for different implant model
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cylindrical one, nearly 24.8%. Stress peak created at
the abutment for the four models is approximate.

Two paths from the top of cortical bone to the
cancellous bone slightly below the cortical/cancellous
boundary along the implant/bone interface were de-
fined at the buccal side (P1-P2) and lingual side (P6-
P5), respectively, as shown in Fig. 4a. Stress distribu-
tion along the two paths for implant of different shape
is graphically represented in Fig. 6d, e. Obviously,
screw implant exhibited a lower stress distribution
compared to the other three implants, especially at the
lingual side. Stress distribution of stepped and that of
tapered implant were close, which were much higher
than the other implants.

3.3. Variation in the screw length
and pitch size for screw implant

Figure 7 shows contour plots of bone around
screw implant model s2, s3 and s4. Comparison of the
four screw implant models showed that maximal
stress is lowest in model s1 (Fig. 6c) and model s2,
which have little difference, while highest in model
s4, above two folds of the former. For model s3,
maximal stress of bone is about 39.5% higher than
model s1 and model s2. The location of maximal
stress lies in the cortical/cancellous boundary for all
the screw implant models. The exact position is at the
pitch end for model s3 and model s4.

There was no distinct deviation of the stress peak
in both the value and location at the abutment for the
four models.

4. Discussion

It was supposed that a gap between the inset and
abutment plays the role of separating the two compo-
nents major in the upper cortical layer, with the inten-
tion of conducting the force mostly to trabecular bone
and thus reducing the stress peak induced in cervical
cortex. In contrast to the original design, segment B of
the inset in order to enhance the stability of the struc-
ture was added and its contacting area with the im-
plant was sloped and edge filleted to make the force
transferred more progressively. In the early studies,
mandible model was simplified in FEA to test the
design, which inevitably discounted the accuracy of
results. Advanced CT and 3D reconstruction technol-
ogy was employed in the study to reconstruct the pre-
cise jaw bone, providing a more favorable simulation
environment [18]. On this basis, further investigation
of this type of implant was applied. Results revealed
a 51.6% reduction of the stress peak of this type of
implants, compared to traditional one, demonstrating
the viability of the design. Maximal stress located at
the cortical/cancellous boundary for the new type of
implant indicated that the force was passed from be-

Fig. 6. Contour and path plots of interfacial stress of bone for model of different shapes:
a, b, c – contour plots of the bone with different shapes of new implant;

d, e – two paths from the top of cortical bone to the cancellous bone slightly below the cortical/cancellous boundary
along the implant/bone interface

a) b) c)

d) e)
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low, as described in previous study, avoiding the pro-
duction of stress peak at the top of cortical layer by
directly contacting with implant. Although there still
existed a gain of stress at the top of cortical bone, but
it remained a lower level. Change of stress distribu-
tion was remarkable at the lingual side, which was
related closely to the direction of the load.

For the new type of implant, gap size was an ef-
fecting factor, confirmed by the results that with the
increase of depth and width, stress peak of the sur-
rounding bone presents an inclination of falling. Im-
plant with no gap can be deemed as traditional im-
plant. There is a sharp decline of stress from gap
depth of 2 mm to that of 3 mm, and it can be ex-
plained that the force was still directly transferred to
cortical bone for the former, as the cortical layer was
about 3 mm thick. Another noticeable fall of stress is
between the depth of 7 mm and 9 mm, revealing that
the depth to some extent would lead to an obvious
decrease of the stress peak. However, stress peak of
the new type of implant exceeds that of the traditional
one to a large degree, implying the larger potion of
load taken by the inset. From this point, deepening
and widening of the gap considerably would lead to
the increase of instability of the implant. Therefore,
picking appropriate gap size that can effectively de-
cline the maximal stress of surrounding bone without
the rising of stress peak at implant was of great im-
portance for this new type of implant. Relative to gap
depth, gap width exerted lesser impact on the stress
distribution although the increment for width is much
smaller as confined by design. The inclusive survey of
the models with diverse gaze dimension revealed that
gap depth of 7 mm and width of 0.3 mm would be
applicable. Alternatively, large gap size could work if
the inset can be designed to be easily removable and
replaceable.

Results also revealed that among implants of the
three shapes: cylindrical, tapered, stepped implant,
cylindrical implant showed the lowest peak stress of
surrounding bone. This may be in accordance with the

result of Tsutsumi [19] and Siegele [20] that the most
realistic shape for dental implant is cylinder. Petrie
and Williams [21] also confirmed the superiority of
cylinder implant to tapered one. Furthermore, intro-
ducing the screw to cylindrical implant embedded
entirely in the cancellous bone would largely reduce
the stress peak of bone which corroborates the previ-
ous studies [20, 22]. In this sense, screw plays the
role of enlarging the contacting surface with bone
which would reduce the stress of surrounding bone
[19]. But as for this new type of implant, the screw
functioned only applied in the cencellous region,
beacause the extension to cortical region would con-
versely make the stress peak of bone promoted much
higher. Details of the screw were also studied,
showing that large pitch size would be preferable,
which was in accordance with the findings of Chun et
al. [23]. The results suggested that in condition of
modicum amount of trabicular bone, large pitch size
was advisable.

This work is of great significance not only in
adopting the advanced model reconstruction technol-
ogy in FEA to obtain reliable data to lend powerful
reference and guidance to clinical application, but also
in the design and optimization of the new type of im-
plant which can extremely reduce the stress peak of
cortical layer. The results would lend guidance to
clinical application of dental implant.
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