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Inﬂuence of Different Abutment Designs
on the Biomechanical Behavior of Dental
Root-Analog Implant: A
Three-Dimensional Finite
Element Analysis
Ling He, PhD,* Deli Li, MD,† Jiwu Zhang, EB,‡§ Xiucheng Li, PhD,‡§ Songhe Lu, MD,¶ and Zhihui Tang, MDk

mplant dentistry is constantly
evolving toward simpliﬁcation of
clinical procedures and shortened
treatment times, with such developments as immediate implant placement. Immediate implants are
implants inserted immediately after
surgical extraction of the teeth to be
replaced.1 The advantages of immediate implant placement are the decrease
in treatment time and the avoidance of
a second surgical intervention, leading
to overall cost reduction and an
improvement in the patients’ psycho-
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Objective: The aim of this study
was to evaluate cross-sectional area
of the abutments, strain distribution
in the periimplant bone, stress in the
abutments and dental root-analog
implant by different abutment design
under different loading conditions,
through three-dimensional ﬁnite element analysis.
Methods: Two three-dimensional
ﬁnite element models were established. Two types of abutments, oval
cross section abutment (OCSA) and
circular cross section abutment
(CCSA) were designed, keeping the
size of the thinnest implant wall
0.75 mm. Two types of load were
applied to the abutment in each
model: 100 N vertical load (V), 100
N vertical/50 N horizontal load (VH).
The biomechanical behaviors of abut-

ments, implants, and periimplant
bone were recorded.
Results: The cross-section area of
OCSA is 36.5% larger than that of
CCSA. In implants, the maximum von
Mises stress value in OCSA design was
24.6% lower than that in CCSA design
under V and under VH. In abutments,
the maximum von Mises stress value in
OCSA design was 40.0% lower than
that in CCSA design under V, the
maximum von Mises stress value in
OCSA design was 12.2% lower than
that in CCSA design under VH.
Conclusions and Clinical Signiﬁcance: The irregular design offers advantages over regular design.
(Implant Dent 2016;25:802–806)
Key Words: abutment design, dental
root-analog implant, three-dimensional ﬁnite element analysis

logical outlook for dental treatment.1,2
To obtain osseointegration, primary stability after implant placement is
needed.1,2 For this reason, the surgical
requirements for immediate implantation include extraction with careful preservation of the alveolar socket walls,
and primary implant stability has been
achieved by placing implants exceeding
the alveolar apex by 3 to 5 mm, or by
inserting implants of greater diameter
than the remnant alveolus.1,2 The incon-

gruity between the socket wall and the
endosseous implant shape remains,
however, the major problem associated
with immediate implant placement
using conventional screw-type or
cylinder-type implants.1–4 This problem
could be rectiﬁed by placing into the
extraction sockets a custom-made rootanalog implant (RAI), adapting the root
to the extraction socket instead of adapting the bone to a preformed standardized implant. This approach could have
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several advantages, such as uncomplicated immediate implant placement
with decreased bone and soft tissue
trauma and increased patient comfort.4
Recently, a novel approach to fabricate a custom-made titanium RAI has
been proposed.3,5,6 With the combined
use of Cone Beam Computed Tomography 3D data and high-end direct laser
metal sintering (DLMS) technology, it
was possible to manufacture a RAI with
sufﬁcient precision.3,5,6 In 2 different clinical reports, a custom-made, root-analog
DLMS implant was placed into an extraction socket.5,6 A perfect congruence
between implant and extraction socket
was obtained; after 1 year of follow-up,
the custom-made implants showed a perfect functional and esthetic integration.5,6
The reported abutments of RAI were integral, implants were nonsubmerged.7–9
Moreover, because of the irregular shape
of RAI, regular abutment did not match it.
However, irregular 2-piece abutment
design for RAI has not been reported.
Therefore, the main goal of this
study was to compare through threedimensional ﬁnite element analysis (3D
FEA) cross-sectional area, strain distribution in the periimplant bone, stress in
the abutments and dental RAI by oval
cross-section abutment (OCSA), and
circular cross-section abutment (CCSA).

MATERIALS

AND

METHODS

Model Design

To obtain the geometry of a totally
patient’s canine, a computed tomography (CT) examination was performed
on a volunteer, with approval from the
ethnical committee of Peking University
School of Stomatology (PKUSSIRB201522047). Her canine were scanned.
The CT examination ﬁles were then imported into Ansys 15.0 (Ansys Corporation, Pittsburgh, PA). The dental RAI
were chosen for this biomechanical analysis. The 3D geometries of the RAIs and
abutments and bone were modeled in
SolidWorks 2008 (SolidWorks Corporation, Ve’ lizy-Villacoublay, France).
Two 3D FEA models, OCSA and
CCSA were designed (Fig. 1), both
keeping the size of the thinnest implant
wall 0.75 mm. The abutments were both
4.5 mm lower than the platform of the
implants, 5 mm higher than the platform
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Fig. 1. The two 3D ﬁnite element models of the bone, RAI and abutments: (A) represents
model A OCSA; (B) represents model B CCSA.

Table 1. Total Number of Elements
and Nodes
Model A
Model B

Elements

Nodes

1,118,716
1,063,736

190,064
181,132

of the implants, both with the taper 1.44
degrees. The geometries of the bone
and implants and abutments were modeled and then meshed using Ansys 15.0
(Ansys Corporation, Pittsburgh, PA).
1. Model A, OCSA match RAI in the
bone.
2. Model B, CCSA match RAI in the
bone.
The models were meshed with 3D
4-node tetrahedron elements. The total
numbers of elements and nodes are
listed in Table 1.
Material Properties

The bone was composed of a 2-mm
constant cortical bone layer around
a cancellous bone core. The abutments
and RAI were made of Ti-6Al-4V
titanium alloy. The material properties
of the cortical and cancellous bone,
abutments, and implants were determined from values obtained from the
literature (Table 2). All materials were

assumed to be isotropic, homogeneous,
and linearly elastic.
Contact Management and
Loading Conditions

The base of the block was ﬁxed to
prevent movements in all directions (x,
y, z). It was assumed a perfect contact
for all the interfaces by assigning
“bonded” contact-type between the
implant-bone and abutment-implant
surfaces. The bonded contact-type is assigned when a perfect union between
surfaces is desired, preventing the slip
of one over the other or the separation of
both. There was no surface penetration
for the contacts.
Implants were considered totally
osseointegrated, abutments were considered tightly touched. Therefore,
a mechanically perfect interface was
presumed to exist between implant and
bone, abutment and implant.
The models were constrained at the
nodes on the mesial and distal bone in all
degrees of freedom. Two types of load
were applied to the abutment in each
model to simulate functional loading,
namely 100 N vertical load, 100 N
vertical/50 N horizontal load. To facilitate discussion, the 2 loading conditions
have been abbreviated as V and VH for
vertical load and vertical/horizontal load.

Table 2. Material Properties

Ti-6Al-4V
Cortical bone
Cancellous bone

Young Modulus
(megapascal, MPa)

Poisson Ratio

Reference

103,400
13,700
1370

0.35
0.3
0.3

Sertgöz and Güvener10
Barbier et al11
Barbier et al

Copyright Ó 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

804

INFLUENCE

OF

DIFFERENT ABUTMENT DESIGNS

HE

ET AL

Table 3. Cross-Section Area of
Abutment
Abutment Design

OCSA

CCSA

(mm2)

17.1444

12.56

Area

Table 4. Maximum von Mises Strains
in Periimplant Bone Under 2 Loading
Conditions (me)
Loading Condition Model A Model B
V
VH

244
244

283
283

Table 5. Maximum von Mises
Stresses in Implant Under 2 Loading
Conditions (MPa)
Loading Condition Model A Model B
V
VH

14.579
14.579

Fig. 2. Maximum von Mises stress distribution in the implant of model A under 2 loading
conditions ((A) V, (B) VH). Model A: OCSA matched RAI. A, When 100 N vertical load is
imposed, stress distribution in the implant is expressed as different colors, blue represents low
stress value and red represents high stress value. The stress around the implant platform is
basically homogeneous (dark blue). The maximum von Mises stress of the implant is 14.579
MPa. B, When 100 N vertical/50 N horizontal load was imposed, stress distribution in the
implant is expressed as different colors, blue represents low stress value and red represents
high stress value. The stress around the implant platform is basically homogeneous (dark
blue). The maximum von Mises stress of the implant is 14.579 MPa.

19.3398
19.3249

RESULTS
Cross-Section Area of Abutment

Cross-section area of abutment for
each model is shown in Table 3. For dental RAI, keeping the size of the thinnest
wall 0.75 mm, the cross-section area of
OCSA is 36.5% larger than that of CCSA.
Strain in Periimplant Cortical Bone

Maximum von Mises strains in periimplant cortical bone under 2 types of
load for each model is shown in Table 4.
Under all 2 loading conditions, the maximum strain values were below 2500 me
in all models. In model A, the peak strain
values in the cortical bone were lower
than that in model B. However, in model
A, the maximum strain value under V
was as high as that under VH, in model
B, the maximum strain value under V was
also as high as that under VH.
Stress Distribution in Implants

The maximum von Mises stress
values in the implants under 2 loading
conditions in each model are shown in
Table 5. Stress distributions in the
implant of each model under 2 loading
conditions are illustrated in Figures 2
and 3. It was notable that, the maximum
von Mises stress value in model A was
24.6% lower than that in model B under
V, the maximum von Mises stress value
in model A was 24.6% lower than that in

Fig. 3. Maximum von Mises stress distribution in the implant of model B under 2 loading
conditions ((A) V, (B) VH). Model B: CCSA matched RAI. A, When 100 N vertical load is
imposed, stress distribution in the implant is expressed as different colors, blue represents low
stress value and red represents high stress value. The stress around the implant platform is
obviously nonhomogeneous (dark blue). The maximum von Mises stress of the implant is
19.3398 MPa. B, When 100 N vertical/50 N horizontal load was imposed, stress distribution in
the implant is expressed as different colors, blue represents low stress value and red represents high stress value. The stress around the implant platform is obviously nonhomogeneous
(dark blue). The maximum von Mises stress of the implant is 19.3398 MPa.

Table 6. Maximum von Mises
Stresses in Abutment Under 2 Loading
Conditions (MPa)
u Loading
Condition

Model A Model B

V
VH

16.6364 27.7487
16.6364 18.9385

model B under VH. The maximum von
Mises stress values both located on the
platform interface between the abutment
and implant in model A and in model B.

Stress Distribution in Abutments

The maximum von Mises stress
values in the abutments under two
loading conditions in each model are
shown in Table 6. Stress distributions in
the abutment of each model under 2 loading conditions are illustrated in Figures 4
and 5. It was notable that the maximum
von Mises stress value in model A was
40.0% lower than that in model B under
V, the maximum stress value in model A
was 12.2% lower than that in model B
under VH. The maximum von Mises
stress values are both located on the
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Fig. 4. Maximum von Mises stress distribution in the abutment of model A under 2 loading
conditions ((A) V, (B) VH). Model A: OCSA. A, When 100 N vertical load is imposed, stress
distribution in the abutment is expressed as different colors, blue represents low stress value
and red represents high stress value. The position of abutment where contacting implant
platform expressed the highest stress value (red), other part of the abutment expressed low
stress value (green or blue). The maximum von Mises stress of the abutment is 16.6364 MPa.
B, When 100 N vertical/50 N horizontal load was imposed, stress distribution in the abutment
is expressed as different colors, blue represents low stress value and red represents high
stress value. The position of abutment where contacting implant platform expressed the
highest stress value (red), other part of the abutment expressed low stress value (green or
blue). The maximum von Mises stress of the abutment is 16.6364 MPa.

Fig. 5. Maximum von Mises stress distribution in the abutment of model B under 2 loading
conditions ((A) V, (B) VH). Model B: CCSA. A, When 100 N vertical load is imposed, stress
distribution in the abutment is expressed as different colors, blue represents low stress value and
red represents high stress value. The abutment top and the position of abutment where contacting implant platform expressed the highest stress value (red), other part of the abutment
expressed low stress value (green or blue). The maximum von Mises stress of the abutment is
27.7487 MPa. B, When 100 N vertical/50 N horizontal load was imposed, stress distribution in
the abutment is expressed as different colors, blue represents low stress value and red represents high stress value. The position of abutment where contacting implant platform expressed
the highest stress value (red), the upper part of the abutment also expressed high stress value
(yellow). The maximum von Mises stress of the abutment is 18.9385 MPa.

platform interface between the abutment
and implant in model A and in model B.

DISCUSSION
The 3D FEA models used in this
study allow representation of a more
detailed and complex geometry. However, the inherent limitations of the FEA
with regard to strain distribution should
always be taken into consideration.10,12

The structures in the models were all
assumed to be homogeneous, isotropic,
and linearly elastic. However, it is welldocumented that the cortical bone of
the jaw is transversely isotropic and
inhomogeneous. In addition, a 100%
implant/bone and abutment/implant
interface was established, which does
not match clinical situations. Thus, the
results of FEA seems problem like, this
should be interpreted with some care.
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The absolute values of the different
strains obtained in this study are
of minor interest. What are of interest
are the relative values of the different
strains and stresses for the different
abutment designs. Therefore, the results
we obtained should be considered as
a reference to choose between different
abutment designs for RAI in the clinical
treatment. Prospective clinical studies
are required to verify the results.
The results from our study indicated that in all models, maximum von
Mises strains in periimplant cortical
bone under all 2 loading conditions
were below 2500 me, and were therefore lower than the physiological tolerance threshold of bone,13 indicating
that the strain in the bone around implants was within the physiological
threshold, having little effect on the
implant survival rate.14
In this study, we created 3D CAD
models of 2-piece implants. Depending on the hardness of foods, the
average bite force reportedly ranges
from 20 to 120 N.15 In this study, we
applied a static load of 100 N to simulate loading by occlusion in reference
to some previous studies.16,17 The principal stress concentration in the bone
for the 2-piece implant occurred
around the neck, similar to the previous
reports that demonstrated stress concentration around the neck of 1-piece
implant models.16,18–20
Bone platform switching results in
an inward bone ring in the coronal part
of an implant that is in continuity with
the alveolar bone crest.21 Therefore, the
conical neck design in the study may be
useful to control bone resorption.
In this study, OCSA matches the
irregular shape of RAI. Thus, the crosssection area of OCSA is 36.5% larger
than that of CCSA, keeping the same
size of the thinnest implant wall
0.75 mm. OCSA design made full use
of implant wall, leading to implant wall
more even, abutment bigger and stronger. OCSA offer advantages over
CCSA on restoration positioning.
In implants, the maximum von
Mises stress value in OCSA design
was 24.6% lower than that in CCSA
design under V and under VH. In
abutments, the maximum von Mises
stress value in OCSA design was
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40.0% lower than that in CCSA design
under V, the maximum von Mises
stress value in OCSA design was
12.2% lower than that in CCSA
design under VH.
Therefore, the OCSA design offer
advantages over CCSA design in RAI.
The OCSA design could be a feasible
choice for RAI. The 3D FEA method
described in this work is an important tool
to predict the stress distribution, assisting
on structural design of abutments.
However, owing to the scarcity of
literature concerning the abutment
design of RAI on stress distribution in
the abutment and in the implant, further
experimental stress analysis and longterm clinical research needs to be
performed.

CONCLUSION
Within the limitations of this
in vitro study, the following conclusions can be drawn:
1. The maximum von Mises strain
values in periimplant bone were
within physiological limits in both
2 models.
2. Oval abutment matches the irregular shape of dental RAI, which
leads to the abutment bigger than
regular circular abutment.
3. The stress in oval abutment is
lower than that in circular abutment, which leads to the oval
abutment more durable.
4. Oval abutment design is essential
for irregular RAI.
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