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Abstract

Purpose: In the tooth- and implant-supported fixed dental prosthesis (FDP), rigid and
nonrigid connector (NRC) designs have been preferred by clinicians for many years.
The aim of this study was to analyze the stress distribution on the connecting areas of
the superstructure and supporting structure of the tooth- and implant-supported FDP
designs under both static vertical and oblique occlusal loads.

Materials and Methods: Four 2D finite element analysis (FEA) models were pre-
pared presuming that the first and second molars were missing, and that the implant
(3.80-mm diameter x 13-mm length) was placed in the second molar NRC design and
patrix-matrix position supported by teeth/implants. Nonlinear contact elements were
used to simulate a realistic interface fixation within the implant system and the sliding
function of the NRC. Supporting periodontal ligament and alveolar bone (cortical and
trabecular) were also modeled. Linear static analysis was performed on the prepared
2D solid models with a total masticatory force of 250 N (50 N for premolar, 100 N for
first molar, 100 N for second molar), 0° (at a right angle) and 30° to the long axis of
the supports. The maximum equivalent Von Mises (VM,x) was analyzed around the
supporting teeth/implant and connector areas on tooth- and implant-supported FDP.
Results: The simulated results indicated that the highest level of VM.« (400.377 MPa)
was observed on the NRC with the matrix positioned on the implant site of tooth- and
implant-supported FDP under vertical occlusal load. The highest level of VM«
(392.8 MPa) under oblique occlusal load was also observed on the same model;
however, the lowest VM« value around implants was observed with the NRC when
the patrix was positioned on the implant site of the FDP. Under vertical occlusal loads,
in designs where the NRC was placed on the implant site, the stress formed around the
implant decreased when compared to the designs where the NRCs were positioned on
the tooth site.

Conclusions: The efficiency of the NRC exhibited varying behavior depending on the
direction of the load applied. The use of the patrix part of the NRC on the implant site
may be more efficient in reducing the stress formation around the implant.

Tooth and implant-supported fixed dental prosthesis (TIFP)
is a treatment option for distal extension partially edentu-
lous areas. Economic and anatomic considerations may some-
times limit the use of a second implant to provide com-
pletely implant-supported restorations. In such situations, the
primary concern relates to the difference between the mo-
bility of the natural tooth and the osseointegrated implant,
which makes the biomechanical behavior of the entire system
complicated.!™3

An osseointegrated implant is “rigidly” fixed to bone and
may move only 10 pum, which is primarily a result of bone
flexure, while a natural tooth with a healthy periodontal lig-
ament has a mobility of 50 to 200 um.*® This movement
disparity may cause relative motion of the implant and tooth
superstructure when the splinted system is loaded.*"!* Dur-
ing loading, the higher bending moment induced by the mis-
match between the implant and tooth may result in abutment
screw loosening (screw-retained) or fracture of the implant or
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prosthesis.*" 1% Loss of osseointegration and increased marginal
bone resorption may also occur around the implant as a result
of overload.'!"7

When the connection of implants and teeth in the same pros-
thesis are treatment planned, there are two design options: a
TIFP with a rigid connection (RC) or TIFP with a nonrigid
connector (NRC). NRC:s act as stress directors with the ability
to separate the splinted units, thus in theory compensating for
the variability in mobility between the implant and tooth.!2
However, several reports have explored the use of NRCs and
the association with abutment tooth intrusion.

Controversial etiology for the phenomenon of tooth intrusion
includes disuse atrophy, mechanical binding,!! and impaired re-
bound memory.'3"!>18 Indeed, clinical observations have also
cast doubt with respect to function, with most revealing non-
significant or minimal differences between TIFP with RC and
TIFP with NRCs.!?"2

In contrast, TIFP with RC has been advocated by certain au-
thors since the prosthesis and implant possess the inherent flex-
ibility to accommodate dissimilar mobility characteristics;?+>?
however, the results of a long-term radiographic follow-up eval-
uation revealed more bone loss around TIFP with RC when
compared to TIFP with NRC.3® Accordingly, consensus re-
garding the proper connector design for TIFP has not been
reached, and the issue remains controversial.

The results of previous in vitro studies are controversial as
are in vivo studies where biomechanics have been investigated
in terms of the use of NRCs in TIFP.28:31-3% Although TIFPs
are used as a treatment modality by clinicians in cases of par-
tial edentulism, there remain a limited number of studies on
the location of the NRC (site of the natural tooth or site of
the implant) and their biomechanical effects on the TIFPs and
particularly the positioning of the patrix and matrix parts.

The finite element method (FEM) provides mechanical re-
sponses and modifies parameters in a more controllable manner,
driving its common use as an analytical tool in dental biome-
chanical studies.?®3!73¢ Accordingly, the purpose of this study
was to examine the stress distribution on the connecting areas
of the superstructure (dental prostheses) and supporting struc-
ture of the TIFP designs under both static vertical and oblique
occlusal loads with 2D FEM. Furthermore, the evaluation of
location of NRCs and positioning of patrix and matrix parts
were investigated.

Materials and methods

TIFP designs for a partially edentulous mandible with distal
extension were investigated in this study. Four models, each
with a different NRC location design, were prepared for 2D
finite element analysis (FEA) (Table 1). It was presumed that
first and second molars were missing in the 2D FEA models.
The outlines of dentine, pulp, prosthesis, and alveolar bone
boundaries were created according to the literature.>” The co-
ordinates for each point on the boundaries were entered into
the FE program (Marc K7.2/Mentat 2001; MARC Analysis
Research Corporation, Palo Alto, CA) to generate areas of the
tooth, prosthesis, and bone. Posterior mandibular ridge height
was determined to be 23 mm, cortical bone thickness as 1.5 mm,
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Table 1 Four tooth-implant-supported fixed prosthesis designs, each
with a different NRC location

Tooth-implant-supported fixed prosthesis designs

Model MDP Second premolar and implant connected by nonrigid
connector with matrix positioned on distal surface
of second premolar

Second premolar and implant connected by nonrigid
connector with patrix positioned on distal surface of
second premolar

Second premolar and implant connected by nonrigid
connector with matrix positioned on mesial surface
of implant

Second premolar and implant connected by nonrigid
connector with patrix positioned on mesial surface
of implant

Model PDP

Model MMI

Model PMI

and the periodontal membrane width was accepted as 0.2 mm
(Fig D).

One root-form implant (3.80-mm diameter, 13-mm) with a
screw-retained MH-6 abutment (Frios, Frialit; Friadent GmbH,
Mannheim, Germany) was used as the investigated implant
system. The implant (Frios, Frialit) was placed in the second
molar region, and modeling of the implant and the supporting
components was performed according to information provided
by the manufacturer.

Conventional preparation techniques were applied for the
preparation of natural teeth and creation of metal ceramic
restorations.® Ni-Cr alloy was used as a metal substruc-
ture material. In designs where the attachment was placed
on the tooth, heavier preparation was required to accommo-
date the attachment. A slide-type attachment (T-123; Metalor,
Neuchatel, Switzerland) indicated for a fixed prosthesis was
used as the NRC. The vertical length of the NRC was fixed
as 5 mm for all FEA models. The interfacial frictional surface
(contact elements) was modeled to simulate the adaptation be-
tween the matrix and patrix components of the NRC to more
realistically simulate the compensative mechanism within the
sliding function of NRC. It allowed the nodes to slide in the
tangential direction without penetration between different ma-
terials. A value of 0.5 was considered as the friction coefficient
for all contact surfaces.

The models were created (Bias Electronics; Mechanical,
Computer, Engineering, Consulting, Inc., Ankara, Turkey) us-
ing an FEA Program (Marc K7.2/Mentat 2001). The materials
used for the models were evaluated as homogenous, isotropic,
and linear, and the implants directly in contact with the bone
were assumed to be completely osseointegrated. All models
had, on average, 10,500 nodes and 5130 elements. The nodes
at the surfaces of the alveolar bone in the FEMs were fixed in
all directions as the boundary condition. The elasticity modulus
(E) of materials used in the study and their Poisson’s ratio (v)
are determined from the literature and presented in Table 2.

Prepared 2D solid mathematical models were divided into
triangular elements, and linear static analysis was performed.
Occlusal loads of 50 N static vertical (0° to the long axis of
supports) and oblique (30° to the long axis of supports) were

Journal of Prosthodontics 20 (2011) 16-28 © 2011 by The American College of Prosthodontists 17



Evaluation of Tooth- and Implant-Supported FDP Burak Ozcelik et al
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Figure 1 (A) Model MDP: The second premolar and the implant connected by nonrigid connector with matrix positioned on distal surface of
second premolar. (B) Model PDP: The second premolar and implant connected by nonrigid connector with patrix positioned on distal surface of
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Figure 1 (Continued) second premolar. (C) Model MMI|: The second premolar and implant connected by nonrigid connector with matrix positioned
on mesial surface of implant. (D) Model PMI: The second premolar and implant connected by nonrigid connector with patrix positioned on mesial

surface of implant.
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Table 2 Materials’ elasticity modulus (E) and Poisson'’s ratio (v)

Poison
proportion (v)

Elasticity

Material properties modulus (E) (GPa)

Dentin®® 18.6 0.31
Implant*° 110 0.33
Cortical bone*° 15 0.30
Ni-Cr alloy*' 218 0.33
Enamel*? 84 0.33
Periodontal membrane*® 2 0.45
Porcelain®® 69 0.28
Pulp** 0.002 0.45
Spongiose bone*® 15 0.30
Nonrigid attachment 110 0.33

applied on each cusp to calculate the stress distributions (Fig 2).
The maximum equivalent Von Mises (VM. ), Which is the to-
tal value of the pressure, the tensile, and the shear tensions,
was evaluated for each model on six lines. The VM.« values
obtained from each plane on 2D FEA models were presented in
tables. Afterwards, calculated numeric data were transformed

()
Dentin. 300

Mon-ngd commector

Hen-nigid connector
(matrize)

e 1

[
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into color graphics to better visualize the mechanical phenom-
ena in the models.

Results

Model MDP (the second premolar and the implant are con-
nected by an NRC with the matrix positioned on the distal side
of the second premolar): The peak stress values were located at
the cortical bone region of the implant along Lines 5 and 6. The
highest VMy.x value occurred at Line 5 (60.309 MPa), which
represented the mesial crestal region of the implant/bone inter-
face when load at a right angle was applied (Fig 3A). When a
force 30° to the long axis of the supports was applied, the high-
est VMwmax value occurred at Line 4 (74.45 MPa), representing
the distal connector area (Fig 3B).

Model PDP (the second premolar and the implant are con-
nected by an NRC with the patrix positioned on the distal side
of the second premolar): The maximum VMy,x values were
obtained on the cortical bone region of both the distal and the
mesial sides along Lines 5 and 6 with values ranging between
50.176 and 30.613 MPa, respectively. The highest VM« value
was observed at Line 5 (50.176 MPa), representing the mesial

MSE
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Line 4

e G

(Hene

1

Figure 2 Direction of applied (V) vertical and (O) oblique occlusal loads. Maximum equivalent Von Mises (VM) on surface of bone adjacent to

natural tooth/implant and connector areas was evaluated on six lines.
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Figure 3 (A) Stress distribution in 2D FEA Model MDP under vertical occlusal loads. (B) Stress distribution in 2D FEA Model MDP under oblique
occlusal loads.
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Figure 4 (A) Stress distribution in 2D FEA Model PDP under vertical occlusal loads. (B) Stress distribution in 2D FEA Model PDP under oblique
occlusal loads.
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crestal region of the implant/bone interface when load at a right
angle was applied (Fig 4A). When a force 30° to the long axis
of the supports was applied, the highest VM.« value occurred
at Line 4 (392.8 MPa), representing the distal connector area
(Fig 4B).

Model MMI (the second premolar and the implant are con-
nected by an NRC with the matrix connector positioned on the
mesial side of the implant): The highest VM« stress values
were 30.644 and 20.183 MPa, and these values were located on
the cortical region of the implant abutment along Lines 5 and
6 (Fig 5A). When a force 30° to the long axis of the supports
was applied, the highest VM)« value occurred at Line 4 (66.58
MPa), which represented the distal connector area (Fig SB).

Model PMI (the second premolar and the implant are con-
nected by an NRC with the patrix positioned on the mesial side
of the implant): The highest VM, value occurred at Line 4
(200.289 MPa), representing the distal connector area when
load at right angle was applied (Fig 6A). When a force 30°
to the long axis of the supports was applied, the peak VMpax
value occurred at Line 4 (313.4 MPa), representing the distal
connector area (Fig 6B).

VMm.x values on selected critical regions of the models are
summarized in Tables 3 and 4.

Discussion

The most important factor for long-term success of a TIFP
is the biomechanical aspect of the restoration. Research and
clinical observation do not provide sufficient information to
determine the biomechanics for a complex TIFP. FEA models
have had widespread use in dentistry in biomechanics of stress
transfer studies?®-3173¢; however, the 2D FEA program used in
this research has several limitations in regard to the simulation
of material properties of the structure.

The authors accept the bone, the tooth, and the periodontal
ligament as homogeneous, linear-elastic, and isotropic, and the
osseointegration of the implant as perfect. In reality, the mas-
tication forces are dynamic and oblique relative to the occlusal
surface of TIFPs, and the relation between the implant and the
bone is dynamic; however, in this study, all masticatory forces
applied to fixed prostheses were static and were 0° (vertical)
and 30° (oblique) to the long axis of the supports. Consequently,
in such biomechanical studies, it is usually not possible to re-
produce the intraoral situation. Thus, the data obtained in this
study may not resemble actual values, yet, at most, these may
show varying stress distribution differences among different
models and which TIFP design is more advantageous. Besides,
this method provides visual and quantifiable information for
interpretation.

Three-dimensional FEA has previously been used in biome-
chanical stress distribution investigations?3-31:33.34.36; however,
the 3D FEA model for bio-structure is relatively difficult to
construct, especially in complicated three- or four-unit pros-
thesis/abutment teeth systems and expensive when compared
to 2D FEA. A 2D FEA model may simulate the complicated
problem in a qualitatively reasonable manner and help to un-
derstand the tendency of mechanical behaviors; however, in
the 2D system, it is assumed that out-of-plane deformations,
strains, and stresses are negligible. This may reduce the cost of

Evaluation of Tooth- and Implant-Supported FDP

analysis, but it also introduces more error due to the assumed
artificial boundary conditions. Three-dimensional models may
provide more realistic results?8:31:33.34.36. however, to date, the
2D FEA has been used when numerous, varied models, and
designs are evaluated in the literature.3>33-33 As many models
and designs were analyzed in this study, 2D FEA was cho-
sen based on practical considerations; however, this kind of
2D FEM study outcome might be supported with the results
obtained from strain gauge stress analysis technique in future
studies. This might be also considered a limitation of this study.

The stress distribution patterns under vertical occlusal and
oblique occlusal loads applied in the present study were dif-
ferent for implant and teeth in all 2D FEMs as reported in
previous studies.?®3173 The stress distribution values of natu-
ral tooth were relatively more uniform than that of the implant.
The stress distribution opposite to applied (vertical and oblique)
forces was transmitted to the bone along the long axis of the
implant, and the distribution was intensive in the cervical area
of the implant neck. This was particularly evident up to the 7th
and 8th grooves of the implant decreased apically; however,
the stress values of the natural tooth increased from the cervi-
cal region toward the apical area, which is considered to be the
ideal direction to minimize bone resorption, and the values were
relatively lower than that of the implant. The different stress dis-
tribution patterns obtained from the implant and natural tooth
may be attributed to the periodontal ligament’s load-absorbing
feature against occlusal stresses, which does not exist for an
implant.

Another possible reason for maximum stress formation in
the cervical region of implant support may be due to the two
structures of alveolar bone (cortical and spongious), which have
different elastic moduli. This phenomenon relies on the pres-
ence of cortical bone, which has higher elastic modulus, at the
surface.

In this study, under a vertical occlusal load, stress increase
occurred on the mesio-cervical surface of the implants with all
TIFP designs. Because the implants were assumed to be 100%
integrated, the movement of the implants in bone is at the mi-
cron level. The applied static vertical occlusal loads intrude the
natural tooth into the alveolus and may cause stresses in the
mesio-cervical regions of the implant due to the bending mo-
ment that occurred. These bending moments force the implant
to rotate, and because the center of rotation of the implant at
the crestal bone level is higher compared to natural teeth, stress
accumulation occurs in the cortical bone area. Another reason
stresses accumulate in this area may be the presence of cortical
bone with a higher elastic modulus on the outer bone surface,
as previously mentioned.?#710

Therefore, these bending moments result in overload on im-
plants, particularly in natural tooth/implant restoration designs.
These bending moments occur in fixed partial restorations with
three-unit linear prosthetic designs as conducted in the present
study. Therefore, these bending forces should be considered
when fabricating restorations.

When the 2D FEA models were evaluated in regard to the
30° mesio-oblique occlusal load applied along the axis of the
implant and tooth, stress distribution exhibited differences in
support when compared with vertical occlusal loading. The
stresses were observed to accumulate along the distal surfaces
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Figure 5 (A) Stress distribution in 2D FEA Model MMI under vertical occlusal loads. (B) Stress distribution in 2D FEA Model MMI under oblique
occlusal loads.
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Table 3 Maximum equivalent Von Mises (VM) (MPa) at critical regions with vertical occlusal loading of 2D FEA models

Natural tooth

Connector areas

Implant abutment

Line 1 Line 2 Line 3 Line 4 Line 5 Line 6
Model MDP 2.182 3.488 30.052 60.14 60.309 40.543
Model PDP 2.601 2.880 40.962 50.159 50.176 30.613
Model MMI 3.222 3.561 20.786 400.377 30.644 20.183
Model PMI 3.317 3.539 30.461 200.289 20.658 10.517

Table 4 Maximum equivalent Von Mises (VM) (MPa) at critical regions with 30° oblique loading of 2D FEA models

Natural tooth

Connector areas

Implant abutment

Line 1 Line 2 Line 3 Line 4 Line b Line 6
Model MDP 1.596 8.258 69.23 74.45 12.31 23.14
Model PDP 2.346 7.08 40.18 66.58 10.56 23.8
Model MMI 2.521 8.245 19.54 392.8 5.636 27.6
Model PMI 2.496 7.679 18.22 313.4 5.407 27.88

of both the natural tooth and implant. Stress distribution on the
natural tooth increased from the cervical toward the apical area,
whereas decreased stress was observed in the same direction on
the implant, as was mentioned after vertical occlusal loading.
‘When the transmission of the stresses to bone was considered,
in all 2D FEA models, the highest VM.« values occurred with
the 30° mesio-oblique occlusal load at the distal cortical bone
region of the implant.

In this study, the areas of stress concentration were the con-
nectors and NRCs, depending on the applied vertical occlusal
and oblique occlusal loads. In models MDP and PDP, where
an NRC was used close to the natural tooth, there were minor
differences found between the two distinct connection areas in
terms of stress concentration; however, in models MMI and
PMI, where the NRC was placed close to the implant site, the
stress concentrated near the bottom contact areas of the keyway
device, and the VM. values increased to over 400 MPa.

When models MMI and PMI were compared, the stress con-
centration on the NRC in model MMI was twice the value of
that in model PMI. Furthermore, the stress concentration in
the connector site close to the natural tooth was 15% more in
model PMI than in model MMI. In the authors’ opinion, the
high stress concentration values on NRC revealed that the NRC
accomplished its goal of breaking the stresses; however, this
stress accumulation on the NRC is considered to be unfavor-
able and may result in failure of the prostheses by deformation
of the NRC in clinical use after long-term dynamic loads. The-
oretically, the attachment at the connector could be open (the
displacement of the attachment move to mesial and distal). This
phenomenon is very important and is the main problem for the
slide-type attachments. Lin et al*> noted the same issue in their
studies. Stress accumulation on the NRC may be attributed to
the 2D character of the designs and is only applicable for the
NRC used in the present study.

Therefore, the 2D FEA modeling results provide only a gen-
eral insight into the biomechanical aspects of the TIFPs under

controlled conditions. To better simulate the complexities of
the clinical environment, further in vivo and in vitro studies
are needed to better understand the biomechanical behavior of
TIFP.

When all the models are considered in terms of stress forma-
tion around both the implant and natural tooth under occlusal
loads, model MMI and PMI were found to be the favorable
options, where the NRC was positioned close to the implant
site. Furthermore, model PMI, where the patrix of the NRC
was placed on the implant site, demonstrated better stress dis-
tribution results than model MMI. Consequently, use of the
NRC on the implant site may be more efficient in regard to
compensation for the movement disparity between the natural
tooth and implant under occlusal loads applied in this study;
however, as previously mentioned, the NRC should be used
with caution because it breaks the stress transfer and increases
the unfavorable stress values at the connector site where the
nonrigid attachment was placed.

Conclusions

Within the limitations of this study, the following conclusions
were drawn:

(1) Under vertical occlusal loads, in designs where the NRC
was placed on the implant, the stress formed around the
implant decreased when compared to the designs where
the NRCs were positioned on the tooth.

The use of the NRC exhibited varying behavior depending
on the direction of the load applied.

The use of the patrix of the NRC on the implant may more
effectively reduce stress formation around the implant.
When the NRC is placed on the implant, there may be
problems associated with unfavorable stress formation on
the NRC.
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