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T
he success of osseointegrated
implants is dependent on the
establishment and maintenance

of a direct structural and functional link
between the surface of the load carry-
ing the implant and the surrounding
bone.1

Crestal bone loss is the most
common cause of failure of implants
in which osseointegration has been
achieved.2 In the literature, crestal
bone loss has primarily been attrib-
uted to 3 factors; plaque-induced peri-
implantitis which is plaque-induced
inflammation in the periimplant tis-
sues with subsequent bone loss3,4;
and occlusal overload in which exces-
sive loads applied to the implant may
cause pathological stresses and
strains in the crestal bone stimulating
resorption.5–9

Carter et al found that bone has an
extremely poor fatigue strength.10 It

has been suggested that microdamage
occurring on a daily basis is a bone
maintenance stimulus.11 “Stress frac-
ture” of bone is believed to result from
accumulation and coalescence of mi-
crodamage occurring when bone
remodeling is insufficient to mend the
microdamage as it is formed.12 Hosh-
aw et al inserted Brånemark implants
into adult canine tibiae.6After a healing
time of 1 year, the test implants were
loaded in axial tension for 500 cycles/
d for 5 consecutive days. A net bone

loss was found around the neck of the
loaded implants. A finite element anal-
ysis showed high strains in this region.
This indicated that the bone loss
was the result of bone modeling and
remodeling secondary to bone micro-
damage. In light of this finding, it was
suggested that a dental implant should
be designed such that the peak bone
stresses resulting from the loads on
the implant are minimized. Thus, an
even loading of the available bone is
achieved.
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Objectives: To investigate whether
a different implant geometry with the
same potential contact surface area
(PCSA) affects the principal stress and
strains in bone.

Material and Methods: Three-
dimensional finite-element models
were created with a single endosseous
implant embedded in bone. The irreg-
ular (IR) dental root-analog implant
and regular (R) cylindrical implant
with the same PCSA 350 mm2 were
modeled, keeping the size of the thin-
nest implant wall 0.8 mm, and the
thinnest bone wall 1 mm. The regular
or irregular abutments were either
4.5 mm lower than the platform of
the implants or 5 mm higher than
the platform of the implants, both with
the taper 1.44°. A 100 N vertical or
100 N vertical/50 N horizontal occlu-
sal loading was applied. The biome-
chanical behaviors of periimplant
bone were recorded.

Results: The IR implant design
experienced lower periimplant stress
and strain under oblique loading
than that of R implant design. In
the IR implant design, comparable
stress in bone, implant, and abut-
ment were found under 100 N verti-
cal loading or 100 N vertical/50 N
horizontal loading. In the R implant
design, much higher stress in bone,
implant, and abutment were found
under 100 N vertical/50 N horizontal
loading than that under 100 N
vertical loading.

Conclusion: Irregular dental
root-analog implant is a biome-
chanically favorable design princi-
ple for decreasing periimplant
stress and strain under oblique load-
ing. (Implant Dent 2017;26:744–750)
Key Words: regular implant, root-
analog implant, three-dimensional
finite element analysis, horizontal
resistance
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In clinical situations, horizontal
forces are present, and the magnitude
of the force is related to cusp inclina-
tion and width of the occlusal table.13

For regular and symmetric implants
(tapered or cylindrical), the recorded
crestal shear strains are proportional-
ly related to the applied loads, larger
loads involve higher strains.14

To avoid excessive stresses in the
marginal bone, Mailath et al recom-
mended a smooth endosseous implant
neck allowing sliding motion between
the implant and bone, to the effect that
the marginal bone resists horizontal
load components, whereas vertical
load components are resisted by the
underlying bone.15 The rationale for
this recommendation was that the peak
stresses caused by horizontal load
components should be spatially sepa-
rated from the peak stresses caused by
vertical load components. However, in
a finite element study of an axially
loaded dental implant, Hansson ob-
tained a considerably greater peak
interfacial shear stress for a low bone
attachment level than for a high attach-
ment level.16 In all calculation exam-
ples, the peak stress arose at the level at
which the implant started to be re-
tained in the bone. The rationale for
using this smooth endosseous implant
neck was to avoid bone resorption
caused by excessive stresses.
However, the results of a number of
animal studies have indicated that an
endosseous neck devoid of retention
elements,5,17–23 far from impeding
marginal bone resorption, in fact pro-
motes it.16,24 It has been suggested that
this bone loss is a consequence of
insufficient mechanical stimulation of
the marginal bone.16,18,24

The more apical location of the
peak interface shear stress suggests that
the conical implant-abutment interface
is a solution to the problem formulated
by Mailath et al15; to spatially separate
the peak bone stresses caused by hori-
zontal load components from the peak
bone stresses caused by vertical load
components.25 Bone stresses are
affected by the wall thickness of the
implant and by themodulus of elasticity
of the implant material.26 Abutment
should be designed with a conical inter-
face, such that the peak bone-implant

interface shear stress has a more apical
location.25

Potential contact surface area
(PCSA) is the implant surface areawhich
potentially contacts bone, calculated ac-
cording to the official data of implant
companies. PCSA is a reliable mean that
accurately represents implant dimen-
sions and may replace length and diam-
eter.27 PCSA is an important index when
R and irregular (IR) implants were de-
signed and compared.

One aim of this study was to
investigate whether a different implant
geometry with the same PCSA in
a finite element model affects the
principal strains in bone, especially in
areas where remodeling and/or resorp-
tion is known to occur, such as in the
crestal bone region. A second aim of
this study was to investigate whether
a different abutment geometry with the
same thinnest implant wall thicknesses

affects the interface stresses around the
abutment.

MATERIALS AND METHODS

Model Design
To obtain the geometry of a pa-

tient’s canine, a computed tomogra-
phy (CT) examination was carried
out on a volunteer, with approval from
the Ethical Committee of the Peking
University School of Stomatology
(PKUSSIRB-201522061). Her canine
was scanned. The CT examination
files were then imported into Ansys
15.0 (Ansys Corporation). The irregu-
lar (IR) dental root-analog implant
was chosen for this biomechanical
analysis. The PCSA of the IR implant
was calculated to be 350 mm2.
With the same PCSA, regular (R)
cylindrical implant was modeled.
The 3-dimensional geometries of
the implants and abutments and bone
were modeled in SolidWorks
2008 (SolidWorks Corporation,
Velizy-Villacoublay, France).

Three 3D finite element analysis
(FEA) models, irregular (IR) oval
cross-section abutment, and regular
(R) circular cross-section abutment
were designed (Fig. 1), both keeping
the size of the thinnest implant wall

Fig. 1. Three 3D finite element models of the cancellous bone (purple), implant (blue), cortical
bone (green), and abutments (red). A, represents model A: regular (R) abutment match regular
(R) implant in the bone; (B) represents model B: regular (R) abutment match irregular (IR)
implant in the bone; and (C) represents model C: irregular (IR) abutment match irregular (IR)
implant in the bone.

Table 1. Total Number of Elements
and Nodes

Elements Nodes

Model A 27,383 38,024
Model B 1,116,630 189,390
Model C 1,120,111 190,064

The models were meshed with 3D 4-node tetrahedron ele-
ments. The total numbers of elements and nodes are listed
above.

Table 2. Material Properties

Young Modulus (MPa) Poisson Ratio Reference

Ti-6Al-4V 103,400 0.35 Sertgöz and Güvener28

Cortical bone 13,700 0.3 Barbier et al29

Cancellous bone 1370 0.3 Barbier et al29

The abutments and root-analog implant (RAI) were made of Ti6Al4V titanium alloy. The material properties of the cortical and
cancellous bone, abutments and implants were determined from values obtained from the literature. All materials were assumed to be
isotropic, homogeneous and linearly elastic.
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0.8 mm, the thinnest bone wall 1 mm.
The abutments were 4.5 mm lower
than the platform of the implants,
5 mm higher than the platform of the
implants, both with the taper 1.44°.
The geometries of the bone and im-
plants and abutments were modeled
and then meshed using Ansys 15.0
(Ansys Corporation).

1. Model A, regular (R) abutment
match regular (R) implant in the
bone.

2. Model B, regular (R) abutment
match irregular (IR) implant in
bone.

3. Model C, irregular (IR) abutment
match irregular (IR) implant 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 bonewas composed of a 2-mm

constant cortical bone layer around
a cancellous bone core. The abutments

and RAI were made of Ti6Al4V tita-
nium alloy. The material properties of
the cortical and cancellous bone, abut-
ments and implants were determined
from values obtained from the literature
(Table 2). All materials were assumed
to be isotropic, homogeneous, and lin-
early 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 that a perfect
contact for all the interfaces by assign-
ing “bonded” contact type between the
implant-bone and abutment-implant
surfaces. The bonded contact type is as-
signed when a perfect union between
surfaces is desired, preventing the slip

of 1 over the other or the separation of
both. There was no surface penetration
for the contacts.

Implants were considered totally
osseointegrated. Abutments were con-
sidered tightly touched. Therefore,
a mechanically perfect interface was
presumed to exist between the implant
and bone, and the abutment and
implant.

Themodels were constrained at the
nodes on the mesial and distal bone in
all degrees of freedom. Three types of
loads were applied to the abutment in
each model to simulate functional load-
ing, namely 100 N vertical load l (V),
100 N vertical/50 N palatal load (VP),
100 N vertical/50 N labial load (VL),
and 100 N vertical/50 N mesial load
(VM). To facilitate discussion, the 3
loading conditions have been abbrevi-
ated as V, VP, VL, and VM for 1
vertical load and 3 vertical/horizontal
loads (Table 3).

RESULTS

Table 4 shows the von Mises strain
values in the periimplant cortical bone.

Table 3. Implant and Abutment Design of Model

Model A Model B Model C

Implant Regular (R) Regular (R) Irregular (IR)
Abutment Regular (R) Irregular (IR) Irregular (IR)

Three 3D FEA models.
Model A, regular (R) abutment match regular (R) implant in the bone.
Model B, regular (R) abutment match irregular (IR) implant in the bone.
Model C, irregular (IR) abutment match irregular (IR) implant in the bone.

Table 4. Maximum von Mises Strains
in Periimplant Cortical Bone Under 3
Loading Conditions (me)

Loading
Condition

Model
A

Model
B

Model
C

V 16.2 283 244
VP 459 283 244
VL 459 283 244
VM 459 280 240

Maximum von Mises strains in periimplant cortical bone under 3
loading conditions (me).
Loading condition: 100 N vertical load l (V), 100 N vertical/50 N
palatal load (VP), 100 N vertical/50 N labial load (VL) and 100 N
vertical/50 N mesial load (VM). Palatal load, labial load, mesial
load were horizontal load.
Model A, regular (R) abutment match regular (R) implant in the
bone.
Model B, regular (R) abutment match irregular (IR) implant in the
bone.
Model C, irregular (IR) abutment match irregular (IR) implant in
the bone.
Periimplant strains are physiologic on the entire crestal surface
(not exceed 2,500 me).

Table 5. Maximum von Mises Strains in Periimplant Cortical Bone Under 3 Loading
Conditions (MPa)

Loading Condition Model A Model B Model C

V 0.22135 3.84334 3.27247
VP 6.27861 3.84387 3.27247
VL 6.27861 3.85294 3.27247
VM 6.27861 3.80922 3.22995

Maximum von Mises stresses in periimplant cortical bone under 3 loading conditions (MPa).
Loading condition: 100 N vertical load l (V), 100 N vertical/50 N palatal load (VP), 100 N vertical/50 N labial load (VL) and 100 N
vertical/50 N mesial load (VM). Palatal load, labial load, mesial load were horizontal load.
Model A, regular (R) abutment match regular (R) implant in the bone.
Model B, regular (R) abutment match irregular (IR) implant in the bone.
Model C, irregular (IR) abutment match irregular (IR) implant in the bone.
In irregular implant design, stress in bone experienced no increase when extra horizontal loading was added.
In irregular implant design, with regular or irregular abutment, stress in bone both experienced no increase.
In regular implant design, stress in bone markedly increased when extra horizontal loading was added.

Table 6. Maximum von Mises Strains in Implant Cortical Bone Under 3 Loading
Conditions (MPa)

Loading Condition Model A Model B Model C

V 5.57179 19.3398 14.712
VP 47.2458 19.3249 16.6364
VL 47.2458 19.3605 16.6364
VM 47.2458 19.3239 14.8014

Maximum von Mises stresses in periimplant cortical bone under 3 loading conditions (MPa).
Loading condition: 100 N vertical load l (V), 100 N vertical/50 N palatal load (VP), 100 N vertical/50 N labial load (VL) and 100 N
vertical/50 N mesial load (VM). Palatal load, labial load, mesial load were horizontal load.
Model A, regular (R) abutment match regular (R) implant in the bone.
Model B, regular (R) abutment match irregular (IR) implant in the bone.
Model C, irregular (IR) abutment match irregular (IR) implant in the bone.
In irregular implant design, stress in implant experienced no increase when extra horizontal loading was added.
In irregular implant design, with regular or irregular abutment, stress in implant both experienced no increase.
In regular implant design, stress in implant markedly increased when extra horizontal loading was added.
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Periimplant strains are physiologic on
the entire crestal surface (not exceed
2,500 me).

Tables 5–7 show the von Mises
stress values in the periimplant cortical
bone, implant, and abutments.

Figure 2, A–C show the stresses
that occurred in bone around the regular
(R) cylindrical implant and the irregular
(IR) dental root-analog implant under
100Nvertical/50Npalatal load. In each
figure, the areas that were exposed to

equal von Mises stress are shown in
the same color. A color scale is pro-
vided for each figure.

Figure 2A shows the stress concen-
tration in the bone surrounding the regu-
lar cylindrical implant. The highest stress
peaks were concentrated at the neck of
the implant, whereas the rest of the peri-
implant bone seemed to bear lower stress.

Figure 2B shows the stress concen-
tration in the bone surrounding the
irregular dental root-analog implant
with regular abutment. A certain
amount of stress seemed to be well dis-
tributed in the bone around the implant,
with some concentration at its extreme
apical portion. Low stress levels were
evenly distributed all around the
implant. Stress levels increased slightly
toward the neck of the implant.

Table 7. Maximum von Mises Strains in Abutment Under 3 Loading Conditions
(MPa)

Loading Condition Model A Model B Model C

V 8.1666 27.7487 22.3037
VP 40.8192 18.9385 14.579
VL 40.8192 18.8232 14.579
VM 40.8192 20.7076 22.459

Maximum von Mises stresses in periimplant cortical bone under 3 loading conditions (MPa).
Loading condition: 100 N vertical load l (V), 100 N vertical/50 N palatal load (VP), 100 N vertical/50 N labial load (VL), and 100 N
vertical/50 N mesial load (VM). Palatal load, labial load, and mesial load were horizontal load.
Model A, regular (R) abutment match regular (R) implant in the bone.
Model B, regular (R) abutment match irregular (IR) implant in the bone.
Model C, irregular (IR) abutment match irregular (IR) implant in the bone.
In irregular implant design, stress in abutment experienced no increase when extra horizontal loading was added.
In irregular implant design, with regular or irregular abutment, stress in abutment both experienced no increase.
In regular implant design, stress in abutment markedly increased when extra horizontal loading was added.

Fig. 2. Stresses at the implant-bone interface in the cortical and cancellous bone. The view is the longitudinal section, but only the part inside
the bone box is shown. The implants are not shown. A, bone of model A; (B) bone of model B; and (C) bone of model C. When 100 N vertical/
50 N palatal load was imposed, stress distribution in the bone on the labial side is expressed as different colors, blue represents low stress
value, and red represents high stress value. A, The peak bone stresses were found on the top (6.27 MPa); (B) The peak bone stresses were
found in the bottom (6.11 MPa); (C) The peak bone stresses were found in the bottom (5.79 MPa).

Fig. 3. Strains at the implant-bone interface in the cortical and cancellous bone. The view is the longitudinal section, but only the part inside the
bone box is shown. The implants are not shown. A, bone of model A; (B) bone of model B; and (C) bone of model C. When 100 N vertical/50 N
palatal load was imposed, strains distribution in the bone on the labial side is expressed as different colors, blue represents low stress value,
and red represents high stress value. A, The peak bone stresses were found on the top; (B) The peak bone stresses were found in the bottom;
(C) The peak bone stresses were found in the bottom.
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Figure 2C shows the stress concen-
tration in the bone surrounding the
irregular dental root-analog implant
with irregular abutment. Stress seemed
to bewell distributed in the bone around
the implant, with some concentration at
its extreme apical portion. Low stress
levels were evenly distributed all
around the implant. Stress levels
increased slightly toward the neck of
the implant.

Figure 3, A–C show the strains that
occurred in the bone around the regular
(R) cylindrical implant and the irregular
(IR) dental root-analog implant under
100Nvertical/50Npalatal load. In each
figure, the areas that were exposed to
equal von Mises strains are shown in
the same color. A color scale is pro-
vided for each figure. Maximum von
Mises strains are all in the cancellous
bone region.

DISCUSSION

The results of finite element analy-
sis of a problem like this should be
interpreted with some care. The models
were axisymmetric; in reality, the prob-
lem is 3 dimensional. However, the
capacity of modern computers is far
from sufficient to solve a realistic 3-
dimensional model with a mesh of
similar density. The bone was assumed
to be linearly elastic; in reality, it is to
some extent viscoelastic.30 However,
the greatest bone stresses of a regular
implant arose close to the implant sur-
face where the remodeling rate is
high.31 The bone was assumed to be
homogenous; in reality, it always con-
tains voids. It was assumed that the
interface was frictionless and did not
resist any tensile stress, which are also
idealistic assumptions. If the purpose
had been to find the true bone stresses
in a clinical situation, the model would
have been inadequate. However, the
aim was to study the relative merits of
different designs and it is a general
experience that rather simple models
can give valid results in such cases.32

Thus, the absolute values of the differ-
ent stresses obtained in this study are
of minor interest. What are of interest
are the relative values of the different
stresses for the different implant de-
signs. It is suggested that the implant

design that gives the best result with
a cortical thickness of 2.8 mm would
also give the best result with a cortical
thickness of 1 mm (the stresses would
be much higher). The results of finite
element analysis to some extent depend
on the size of the elements. If the pur-
pose is to obtain accurate values for the
stresses, the element mesh should be
refined at locationswith large stress gra-
dients. However, the purpose of this
study was to compare the stresses and
strains in the crestal bone region for dif-
ferent implant designs. In such a situa-
tion, it is sufficient if the element mesh
is identical in the crestal bone region for
the different designs. The models ful-
filled these requirements.

To analyze the force transfer char-
acteristics, the implant-abutment com-
plex was embedded in a homogeneous
structure, a “bone block,” which was
assigned Young modulus and Poisson
ratio similar to that of the cancellous
bone. This was undertaken to eliminate
the effects of variations in bone struc-
ture, such as bone density and cortical
bone thickness.

In clinical situations, horizontal
forces are present, and the magnitude
of the force is related to cusp inclination
and width of the occlusal table.13 For
regular and symmetric implants
(tapered or cylindrical), the recorded
crestal shear strains are proportionally
related to the applied loads; larger loads
involve higher strains.14

Potential contact surface area
(PCSA) is the implant surface area
which potentially contacts bone, and is
a reliable means that accurately repre-
sents implant dimensions and may
replace length and diameter.27 PCSA
is an important index when comparing
regular-shaped implant and irregular-
shaped implant.

In this study, regular (R) cylindri-
cal implant and irregular (IR) dental
root-analog implant with the same
PCSA 350 mm2 were modeled. Regu-
lar (R) circular cross-section abutment
was designed for the R implant. Regu-
lar (R) circular cross-section abutment
and irregular (IR) oval cross-section
abutment were designed for the IR
implant. The least thickness of the
alloy surrounding the abutment was
0.8 mm.

It was found that with the same
PCSA, irregular (IR) dental root-analog
implant effectively resists horizontal
load, regardless of the regular or irreg-
ular abutment design. Bone and implant
experienced almost equal von Mises
stress value under 100 N vertical load
and 100 N vertical/50 N horizontal
load. The crestal strainswere also equal,
not proportionally related to the applied
loads. However, when 100 N vertical/
50 N horizontal load was imposed, the
stress in bone, implant, and abutment
experience a substantial increase in
regular (R) cylindrical implant design.

Other studies showed that bone
stresses are affected by the design of
implant-abutment interface, wall thick-
ness of the implant, diameter of
implant, and crestal bone thickness.

The problem formulated by Mai-
lath et al (1989) to obtain the highest
bone stresses resulting from axial load
components spatially separated from
those resulting from horizontal load
components can be solved by a proper
design of the implant-abutment inter-
face.15 By means of a conical implant-
abutment interface at the level of the
marginal bone, conical implant-
abutment interface at the level of the
marginal bone, is a biomechanically
favorable design principle.25 This con-
firms the finding in other studies that, in
general, the peak bone stresses resulting
from axial loads arise where the implant
starts to become attached to the
bone.15,16

In a clinical study, at the baseline
the average marginal bone level was
0.47 mm below the upper edge of the
implant. Five years later, the average
marginal bone level had moved
0.07 mm more coronally. A high and
stable marginal bone level for this
implant has also been observed in other
studies.33–35 This might be taken as
a clinical support for the finding that
a conical implant-abutment interface
at the level of the marginal bone, in
combination with retention elements
at the implant neck, is a biomechani-
cally favorable design principle.36

An increase in wall thickness and
an increase in the modulus of elasticity
result in an increased axial stiffness of
the implant. An increase in wall thick-
ness and an increase in the modulus of
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elasticity will bring about an increase in
the implant ring stiffness. An increased
ring stiffness implies increased resis-
tance in the horizontal direction. The
bone stresses are affected by the wall
thickness of the implant and by the
modulus of elasticity of the implant
material.25

Increasing implant diameter re-
sulted in as much as a 3.5-fold reduction
of crestal strain, which agrees with other
finite element (FE) investigations.37–39

The effect was greater for short and
tapered implants. Several clinical studies
reported higher survival rates and
reduced crestal bone loss (mean values
ranged between 0.05 and 0.8 mm) for
wide-diameter implants.40–42

Increasing length caused asmuch as
1.65-fold reduction, whereas the taper
increased crestal strain, especially in
narrow and short implants, where it
increased 1.65 fold. The influence of
implant diameter on crestal bone strains
dominates over the effect of the im-
plant’s length and taper. Diameter,
length, and taper have to be considered
together because of their interactive ef-
fects on crestal bone strain.14 Crestal
bone thickness can influence the crestal
strains as shown in previous studies.43,44

In this study, irregular (IR) dental
root-analog implant could better resist
horizontal load than that of regular (R)
cylindrical implant, which could be
explained as follows: (1) IR implant
simulated natural tooth “asymmetric”
geometry, which possess anti-rotation
ability when horizontal load was
imposed; (2) IR implant simulated nat-
ural tooth, with larger sectional area at
implant neck. At the level of the mar-
ginal bone, sectional area of the IR
implant is larger than that of the R
implant.

Thefinding in this study confirm the
finding in other clinical studies that, with
perfect congruence between implant and
extraction socket, the custom-made
root-analog implant showed a perfect
functional and esthetic integrationafter 1
year of follow-up.45,46

CONCLUSION

Within the limitations of this
in vitro study, the following conclu-
sions can be drawn:

1. The maximum von Mises strain
values in periimplant bone were
within physiological limits in
irregular implant and regular
implant models.

2. Irregular implant design could
resist horizontal load.

3. Regular implant design could not
resist horizontal load.

4. Irregular dental root-analog
implant is a biomechanically
favorable design principle for
decreasing periimplant stress
and strain under oblique
loading.
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