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ARTICLE INFO ABSTRACT

Implant restoration is one of the basic treatments in dentistry today, yet implant loss from occlusal overload is
still a problem. Complex biomechanical problems such as occlusal overload are often analyzed by means of the
finite element method. This numerical method makes it possible to analyze in detail the influence that different
loading situations have upon implants and tissues, which is a key element in optimizing these dental procedures.

This study was designed to investigate the stress distribution in peri-implant bone of a single-tooth implant
crown using the finite element method. The load was applied indirectly via an occluding tooth through a three
and five contact setup into the implant crown. The friction coefficient values between the crown and antagonist
were varied between 0.1 and 1.0. Additionally, three crowns with cusp inclinations of 20°, 30° and 40° were
modeled. Non-linear contact computations indicated that an increase in friction changed the direction and
magnitude of contact forces, which also led to reduced stresses in the bone. Furthermore, the stress magnitudes
were higher when cusps of a greater inclination were used. The intensity of stress alterations was strongly
dependent on the distribution and number of contacts, and the contact force vector. In maximum intercuspation,
a resulting axial load due to well-distributed contacts prevented high stresses in bone even with high cusp
inclinations and low friction. Therefore for long-term clinical success, particular attention should be paid to
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occlusal adjustment so as to prevent oblique loading onto dental implant restorations.

1. Introduction

Implant prosthetic reconstructions are exposed to various biological
and biomechanical impacts [1]. Poor oral hygiene can result in peri-
implant infections of soft and hard tissue causing bone loss, which can
be worsened in situations with poor bone quality or high susceptibility
to infections [2,3]. Similarly, high biomechanical loads can cause high
mechanical stress in the bone surrounding the implants also resulting in
bone loss [4]. Both impacts can be finally responsible for implant loss.

A major topic of dental research in the area of implant loss pre-
vention is the investigation, evaluation and prevention of occlusal
overload. In recent years, the finite element analysis (FEA) has com-
monly been used to investigate the effect of occlusal loads on dental
implants and the surrounding bone [5]. By means of this simulation
method, physical factors, such as mechanical stress and strain, can be
computed and illustrated [6]. However, these types of biomechanical
simulations are very challenging, since the material properties of living
tissue are highly complex. Nevertheless, simulations have been used

successfully to compute stress distributions and create improved
treatment procedures that increase the lifespan of dental implants [7].

A crucial factor for implant survival is the distribution, the direction
and the size of occlusal forces that act onto the implant, the surrounding
bone and the prosthetic reconstruction [8]. In most simulation studies,
the occlusal forces are applied directly to the dental restorations
[5,9,10]. There are only a few finite element studies that apply the force
indirectly via a corresponding antagonist [11,12]. The advantage of this
method is that contact phenomena, such as friction and sliding between
the contact partners, can also be taken into consideration. By means of a
mathematical analysis, Katona [13] demonstrated that a change in the
coefficient of friction influences the direction and magnitude of the
contact force. The coefficient of friction was strongly influenced by the
loading, the surface properties of the contacting surfaces and the en-
vironment. Over the past few decades, many studies have been per-
formed to investigate the friction behavior of dental materials (cera-
mics, alloys, polymers) against the natural tooth enamel or other dental
materials in wet or dry environments. It was discovered that the surface
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Fig. 1. Configuration of the investigated model: perspective and sectional view: mandibular jaw section, dental implant system, single crown (46), upper first left

molar (16), periodontal ligament and maxillary jaw section.

roughness depends on the final finishing quality, fracture toughness,
hardness [14], porosities and defects [15], fillers [16] and chemical
stability [17] of the contact materials. In addition, saliva's action as a
lubricant also affects the coefficient of friction. This lubricant effect
becomes more or less pronounced depending upon the patient's age,
diet, disease and medications [13,18,19].

The aim of the current study is to investigate the influence of con-
tact area arrangement, cusp inclination and friction coefficient between
an antagonist and the implant crown upon the maximum and minimum
principal stresses in peri-implant bone. The contact simulation method
and models used in this study are nearly identical to those used in a
previous work by Rand et al. [12].

2. Materials and methods
2.1. Geometry acquisition

A three dimensional NURBS model (Non-Uniform Rational B-Spline)
(Fig. 1) was generated using the software Rhinoceros 5.0 (McNeel
North America, Seattle, WA, USA). The lower part of the model consists
of a left mandibular jaw section (molar region) and a generic dental
implant system (implant, abutment, screw) with a cemented single
crown. The upper part of the model consists of a left maxillary jaw
section (molar region), retaining an upper first left molar (antagonist)
and its periodontal ligament. More detailed information about the 3D
dental model can be found in the prior work of Rand et al. [12]. In the
current study a new upper jaw section and a monolithic full ceramic
crown were added, with the full ceramic crown being used to replace
the veneered framework from the previous model. The upper jaw sec-
tion consists of cancellous bone surrounded by a layer of cortical bone,
as does the lower jaw section.

The implant crown and its antagonist were positioned in Angle Class
I occlusion. This is equivalent to the position of the antagonist and
crown in the previous work. The occlusal surfaces of antagonist and
crown were modified to get maximum intercuspation with three and
five occlusal contact areas (CAs) (Fig. 2b). To evaluate the influence of
occlusal cusp inclination the crown was modeled with cusp inclinations
of 20° (flat), 30° (medium) and 40° (steep) ( = 2.5°) in the contact areas
(Fig. 2a).
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2.2. Material, contact and meshing properties

The 3D NURBS models were imported into ANSYS Workbench 18.0
(Swanson Analysis, Huston, PA, USA). The material properties of all
parts were considered as homogeneous and isotropic in the analyses.
The elastic modulus for abutment, implant and screw (titan) was de-
fined as 110,000 MPa with a Poisson's ratio of 0.35 [20]. The mono-
lithic zirconia crown (3Y-TZP) had an elastic modulus of 210,000 MPa
and a Poisson's ratio of 0.27 [21]. The Elastic modulus for cortical bone
was set to 13,700 MPa and the modulus of cancellous bone to
1370 MPa, with a Poisson's ratio of 0.3 [22]. An elastic modulus of
68.9 MPa and Poisson's ratio of 0.45 were assigned to the periodontal
ligament [23]. For the antagonist an average elastic modulus of
18,600 MPa was assumed for the simulation, with a Poisson's ratio of
0.31 [24]. The cement layer (glass ionomer cement) was taken to have
an elastic modulus of 15,900 MPa and a Poisson's ratio of 0.33 [25].

The contact between the occlusal surfaces of the antagonist and the
crown was defined as frictional. The friction coefficient values were
varied between 0.1 and 1.0 in increments of 0.1. All other contact
surfaces of the different parts were bonded by forming a multibody
part. The detailed explanation for this approach and the settings used
can be found in Rand et al. [12]. In this previous work a convergence
test was used to check the accuracy of the model. Particular attention
was paid to the peri-implant region of the lower cortical and cancellous
bone. The evaluation revealed that a singularity occurred in the area of
interest. The same insights were found by Petrie and Williams [26].
Nevertheless, it is reasonable to compare the stress results obtained
from the models used in this and the previous study, since the same
mesh was used in the region where the singularity occurred. However,
the absolute stress values might be questionable in the setting of a
singularity.

2.3. Load and boundary conditions

The mandibular jaw section was moved parallel to the implant axis
towards the maxillary jaw section, until an initial contact between
crown and antagonist arose. Then a force of 100 N was applied in the
same axial direction, up through the base of the mandibular jaw section
(checkered face in Fig. 3). Any transverse translations of the man-
dibular jaw section base were prevented. The lateral intersections
(striped faces in Fig. 3) of the upper cortical and cancellous bone were
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Fig. 2. Configuration of the crown-to-tooth occlusion: a) crown and antagonist with 40°, 30° and 20° cusp inclinations in the area of contacts, b) resulting CAs on

tooth 46 for two contact situations (three and five CAs).

set as frictionless. This means that no portion of the intersection faces
could move, rotate, or deform normal to the face. The upper intersec-
tion of the upper cortical bone was fixed horizontally and vertically
(black faces in Fig. 3).

2.4. Evaluation of results

The compression and tensile stress values (maximum and minimum
principal stress) in the peri-implant region of the cortical and cancellous
bone (mandibular jaw section) were used to evaluate the influence of

lingual

distal
><‘ mesial

buccal

different load situations. Principal stresses are appropriate measures for
brittle materials such as bone and are frequently used in biomechanical
FE studies [27-29]. In addition, the total contact force reaction and its
components in the X- and Z-directions (Y = 100 N) were computed to
analyze the displacement of the implant and the effects upon bone
stress.

3. Results

Figs. 4 and 5 show the stress distributions (maximum and minimum

mesial  buccal

. distal
lingual

B Fixed support [ Force: 100 N Frictionless support

Fig. 3. Boundary conditions and applied loading (arrow) for the used model from two different views: mesial/buccal (left) and distal/lingual (right).
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Fig. 4. Distribution of maximum principal stresses in peri-implant bone with a friction coefficient of p = 0.1. The broad arrow indicates the direction of view for
images a) to f). a) 3 contacts and 20° cusp inclination, b) 3 contacts and 30° cusp inclination, c¢) 3 contacts and 40° cusp inclination, d) 5 contacts and 20° cusp
inclination, e) 5 contacts and 30° cusp inclination and f) 5 contacts and 40° cusp inclination.

principal stress) for a friction coefficient of p = 0.1 in the cortical and
cancellous bone near the implant neck on the lingual side of the man-
dibular jaw section. The position of the highest maximum and lowest
minimum principal stress values are indicated by white flags. In both
contact situations (three and five CAs) with all three cusp inclinations
(20°, 30° and 40°), the highest stresses were concentrated in the cortical
bone, directly at the border of the cancellous bone. The highest max-
imum principal stress values in the implant-bone interface occurred
with maximum intercuspation, and their values were: a) 19.9 MPa for
three CAs on flat cusps, b) 32.4 MPa for three CAs on medium cusps, c)
42.1 MPa for three CAs on steep cusps, d) 12.1 MPa for five CAs on flat
cusps, e) 12.4 MPa for five CAs on medium cusps and f) 13.6 MPa for

five CAs on steep cusps (Fig. 4).

The lowest stresses were concentrated in the cortical crest, again in
both contact situations for all three cusp inclinations. The lowest
minimum principal stress values were: a) —22.7 MPa for three CAs on
flat cusps, b) —36.5 MPa for three CAs on medium cusps, ¢) —49.2 MPa
for three CAs on steep cusps, d) —10.9 MPa for five CAs on flat cusps, e)
—13.0 MPa for five CAs on medium cusps and f) —12.9 MPa for five
CAs on steep cusps (Fig. 5).

Fig. 6 shows the lowest minimum and highest maximum principal
stress values in the cortical bone for each test scenario. The results for
the “3CAs” groups demonstrate that when the friction is higher, the
stress magnitudes are smaller in the cortical bone — with both the
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Fig. 5. Distribution of minimum principal stresses in peri-implant bone with a friction coefficient of p = 0.1. The broad arrow indicates the direction of view for
images a) to f). a) 3 contacts and 20° cusp inclination, b) 3 contacts and 30° cusp inclination, ¢) 3 contacts and 40° cusp inclination, d) 5 contacts and 20° cusp
inclination, €) 5 contacts and 30° cusp inclination and f) 5 contacts and 40° cusp inclination.
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Fig. 6. The lowest minimum and highest maximum principal stress values in the cortical bone for three and five contact areas with cusp inclinations of 20°, 30° and

40°, and friction coefficient values between 0.1 and 1.0.

tensile and compressive stresses for all three groups approaching the
respective values of 12MPa and —12MPa at higher coefficients of
friction. Only slight differences in the magnitudes can be observed
between the three groups with five CAs. Additionally, major differences
were noted between the various inclination groups with three CAs.
Firstly, average stress values increased with increasing cusp inclination.
Secondly, although all 3 group's magnitudes decreased towards the
same tensile and compressive stresses, the rate of reduction flattened
out to less than 2% at a higher coefficient of friction with the steeper
cusps (friction values respectively of 0.4, 0.6 and 0.8 for inclinations of
20°, 30° and 40°). The stress values in group “5CA/40°” did not decrease
steadily, and their tensile and compressive stresses were the lowest at
friction coefficient values of 0.6 and 0.7, respectively.

Fig. 7 shows the total contact force reaction and its X-/Z-magnitudes
as a function of the friction coefficients. The vector direction and
magnitude of contact force reaction in the groups “5CA/20°”, “5CA/
30°” and “5CA/40°” varied only slightly with friction coefficients ran-
ging from 0.1 to 1.0. Whereas for groups “3CA/20°”, “3CA/30°” and
“3CA/40°” the magnitude of the contact force reaction decreased with
increasing coefficients of friction. This applied particularly to the X-
magnitude, which points in a lingual direction.

4. Discussion

In the present study, the highest tensile and compressive stress va-
lues occurred in the cortical bone of the upper bone-implant interface
and never in the cancellous bone. This is in agreement with several
other studies which also investigated the influence of occlusal load on
the implant-bone interface by finite element analysis [30-32]. The
cortical bone with the higher Young's modulus reacts as a fulcrum
under oblique load and absorbs higher load than the cancellous bone
[31]. The simulations in this study confirm that occlusal overload pri-
marily affects regions around the implant neck. Furthermore, the cur-
rent study's numerical results suggest that both the risk of occlusal
overload and crown stress-distribution performance can be improved
by avoiding cusps with steep inclinations - this minimizes oblique
loading and hence reduces stress — especially in the setting of cusps that

have a non-uniform distribution of the contact surfaces. Bedi et al. [33]
reported that cusp inclination reduction may be helpful in preventing
high stress values in the crestal bone around the implant and that poor
quality bone tends to be affected more. Similar results have been de-
scribed in the studies by Rungsiyakull et al. [34] and Liu et al. [35].

Each of the individual contacts of the 3 CA situation was chosen
deliberately in order to prove if their inadequate distribution causes
non-axial contact forces. The three contacts were located on inclined
surfaces which were oriented towards the buccal side. Consequently,
the crown and the upper part of the implant were pushed in a lingual
direction. Thus, the highest stress values occurred on the lingual side of
the peri-implant bone. With regards to the contact situation with five
CAs, four contacts were on surfaces inclined towards the buccal side
and one contact on a surface inclined towards the lingual side. This
lingual contact area led to an approximately axial reaction force and to
low stress values in the implant-bone interface. Eskitascioglu et al. [36]
results also demonstrated the significant influence that the number and
location of occlusal loading areas has upon stress distributions. Carlsson
[37] gave some general guidelines for therapeutic occlusion, where he
recommended using well-distributed contacts in maximum intercuspa-
tion in order to achieve axially directed forces. In addition, a previous
study of Rand et al. [12] illustrated the influence of occlusal contact
area and number on the peri-implant bone stresses. Further simulations
are planned for the future, in which new FE models with different oc-
clusal contact situations will be investigated. This should make it pos-
sible to discuss special features and individual differences in order to
get a better understanding of the behavior in different contact situa-
tions.

Similarly, lateral movement of the lower jaw is only relevant when
canine guidance is absent. In this scenario the only contact during jaw
movements is on the buccal cusps resulting in a non-axial directed
force. This situation is similar to that of the three contact situation in
the current study, since all of their CAs are located on the buccal side of
the cusp slopes. Nevertheless, further simulations might be helpful to
address more precisely the effects of laterotrusion on the stress dis-
tribution in the peri-implant bone.

As mentioned in the introduction, the range of the friction
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coefficient factor is very high in dentistry because of different influ-
encing factors [13-19]. Hence, a linearly increasing parameter series
with 10 coefficients of friction was used (0.1-1.0) to determine their
effect on maximum and minimum stress distribution in cortical and
cancellous bone. In the case of five CAs, all of the friction coefficient
values only had a slight effect upon the stress magnitude, because the
distribution of the CAs inherently minimizes non-axial components of
the force. However, when considering the non-axial load situation with
three CAs, a high coefficient of friction helps to avoid high stresses in
peri-implant bone. A dry environment with, clinically more realistic,
rough contact surfaces would cause high friction and therefore help
reduce any peri-implant stress. Unfortunately these conditions also
promote plaque formation [38] and/or facilitate wear of the antagonist
[17,39]. Thus, the friction coefficient should neither be too low because
of the resultant oblique loading, nor be too high due to the associated
potential for greater wear and plaque formation. Zheng and Zhou [40]
studied the effect that age has upon the friction and wear behaviors of
human teeth. They found that the wear-resistance decreases and the
surface roughness increases with age. Hence when considering this in
context of the current study's findings, the normal wear behavior of
human teeth over time leads to a natural reduction in stress in peri-
implant bone tissue.

The current finite element study has some limitations. Maxillary and
mandibular jaw sections, tooth and periodontal ligament were all
considered isotropic, homogeneous and linearly elastic. Furthermore,
the abutment screw had no threads and the contact surfaces between
screw, abutment and implant were firmly connected. The main reason
for these simplifications was to reduce computation times.

Previous work by the same authors revealed that infinitely high
loads (singularity) occurred in the peri-implant region of the lower
cortical bone after performing a convergence check. The singularity
occurs because of the Young's modulus differences between implant,
cancellous and cortical bone, and the presence of sharp corners on the
cortical bone. The effect of different load conditions on a jaw section
with an implant-supported crown is often examined by means of the
finite element method, yet the existence of a stress singularity in the
cortical bone is rarely mentioned in discussions. One should bear in
mind that the maximum stress value close to the singularity strongly

depends on the size of the mesh.

5. Conclusion

Within the limitations of this three-dimensional finite element
study, the following conclusions can be drawn:

e In all of the contact situations that were examined, the highest
maximum and lowest minimum principal stresses were always lo-
cated in the cortical bone and never in the cancellous bone which is
consistent with the existing literature.

The coefficient of friction between crown and its occluding tooth
influenced the direction and magnitude of the resulting contact
force. The peri-implant bone stress decreased with increasing coef-
ficient friction. With respect to a minimization of peri-implant bone
stress, a high friction between crown and antagonist seems favor-
able. However, a roughening of the occlusal surface has the draw-
back of inferior surface quality leading to a lower crack resistance
and a higher adherence of dental plaque.

In the case of non-uniform contact distribution (three CAs) the stress
in the implant-bone interface increased with increasing cusp in-
clination, whereas in the setting of well-distributed contacts the
cusp inclination failed to demonstrate a meaningful influence on
peri-implant bone stress.

Badly distributed contacts in maximum intercuspation should gen-
erally be avoided, because they cause non-axial forces which lead to
high peri-implant bone stresses.
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