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Abstract

Purpose: To evaluate stress distribution in different horizontal mandibular arch formats
restored by protocol-type prostheses using three-dimensional finite element analysis
(3D-FEA).

Materials and Methods: A representative model (M) of a completely edentulous
mandible restored with a prefabricated bar using four interforaminal implants was
created using SolidWorks 2010 software (Inovart, Sdo Paulo, Brazil) and analyzed
by Ansys Workbench 10.0 (Swanson Analysis Inc., Houston, PA) to obtain the stress
fields. Three mandibular arch sizes were considered for analysis, regular (M), small
(MS), and large (ML). Three unilateral posterior loads (L) (150 N) were used: per-
pendicular to the prefabricated bar (L1); 30° oblique in a buccolingual direction
(L2); 30° oblique in a lingual-buccal direction (L3). The maximum and minimum
principal stresses (0 max, Omin), the equivalent von Mises (oym), and the maximum
principal strain (o m,) were obtained for type I (M.I) and type II (M.II) cortical
bones.

Results: Tensile stress was more evident than compression stress in type I and II bone;
however, type II bone showed lower stress values. The L2 condition showed highest
values for all parameters (0'yM, O maxs O mins €max)- Lhe oy was highest for the large
and small mandibular arches.

Conclusion: The large arch model had a higher influence on o ,,x values than did
the other formats, mainly for type I bone. Vertical and buccolingual loads showed
considerable influence on both o .« and o, stresses.

Longitudinal clinical studies have confirmed higher than 90%
success rates for immediate loading of implant-supported pros-
theses for many implant systems.'™ Considering that the main
purpose of the prefabricated bar is its use under immediate
loads, primary implant stability is an important factor for suc-
cessful osseointegration.® The prefabricated bar has predictable
levels of adaptation and passivity, diminishing treatment time;’
however, the mandible must show sufficient volume and bone
density to receive the implants.® Its anatomical thickness is
crucial and must be compatible with the form of the bar.

The influence of horizontal mandibular arch shape on bone
stress distribution has not been clearly discussed by previous
literature. The prefabricated bar can adapt itself to the mandibu-
lar arch format on the horizontal plane; however, the bar shape
may not adjust, with mandibular arches exhibiting dimensional
variations, resulting in implants poorly covered by cortical bone
and influencing the treatment success rates.

Therefore, the purpose of this study was to evaluate bone
stress distribution using three-dimensional finite element anal-
ysis (3D-FEA) in three horizontal sizes of a mandibular arch
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(small, regular, large) restored by a prefabricated bar-prosthesis
protocol with four implants.

Materials and methods

A representative model (M) of a mandibular arch was created
according to the anatomical data of a completely edentulous
mandible® exhibiting transversal section type ITI'* using Solid-
Works 2010 software (Inovart, Sdo Paulo, Brazil). The cortical
bones simulated were type I (M.1) and type IT (M.I1)!! based on
the elastic modulus of the mandibular bone, according to Tada
et al'> (Table 1). The horizontal dimension of the mandible
was increased and reduced by 11% to obtain large (M.IL and
M.1IL) and small (M.IS and M.1IS) horizontal dimension models
(Fig 1). These percentage differences were established accord-
ing to the maximum possible limits for mandible size modi-
fication, while still guaranteeing total covering of the implant
screws in the buccal and lingual faces.

Each mandibular arch was restored with a prefabricated-
bar system using four interforaminal implants (Neopronto
prefabricated-bar system, Neodent, Implante Osseointegriveis,
Curitiba, Brazil) placed at the same location for each model
(Fig 2). The implants (4.00-diameter x 13.00-mm length)
were cylindrical, with a single body, and were placed in par-
allel according to the orientation of the prefabricated bar. The
prefabricated-bar system shows specific components for retain-
ing the bar on the implants (Figs 2A,B), with cylinders to be
screwed under implants. The bar was cemented under those
cylinders. The resin cement layer of 0.05 mm'? was virtually
simulated by using Panavia F (Kuraray Co, LTD, Osaka, Japan).
Additional screw retainers can be used to stabilize the bar. The
bar was placed under those four implants (Fig 2C).

Due to variation in dimensions, the two most posterior im-
plants were positioned closer to the buccal and lingual sides
for the small (M.IS and M.IIS) and large (M.IL and M.IIL)
mandible sizes, respectively. The implants were numbered one
to four from right to left (Fig 2B).

The mechanical properties (Elastic modulus [E] and Poisson
ratio [v]) were incorporated according to previous literature
(Table 1). The materials were homogeneous, isotropic, and lin-
early elastic; however, the elastic modulus of the cortical bone
varied to better represent the different types of bone (I and II)
in the mandible."> The bone-implant interface was considered
perfectly integrated.

A solid parabolic tetrahedral element!? with 0.1 mm-sized
elements was used for meshing. The mesh refinement was es-
tablished based on the convergence of analysis (6%)."* The
models had between 302,412 and 316,229 nodes and between

Table 1 Material properties

Material Young's modulus (GPa) Poisson’s ratio
Type | bone'® 9.5 03
Type |l bone'® 55 03
Cortical bone®? 13.7 0.3
Titanium™ 110 0.35
Cementing layer'? 18.3 0.3
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182,032 and 195,846 elements. All nodes at the posterior sur-
face of each model were fixed along the x, y, and z coordinates
to simulate the continuity of the mandibular ramus, as well as
the nodes at the base to avoid inertial movement and simulate
muscle support (Fig 3).'° Three unilateral posterior loads (L)
(150 N)'®17 were used: perpendicular to the prefabricated bar
(L1),"® 30° oblique in a buccolingual direction (L2),'® and 30°
oblique in a lingual-buccal direction (L3) (Fig 2D).

ANSYS Workbench 10.0 software (Swanson Analysis Inc.,
Huston, PA) was used to obtain the stress fields (Fig 4). Al-
though von Mises stress criteria have been obtained in some
studies,'*?* maximum and minimum principal stresses (0 max.,
O min), €quivalent von Mises stress (oy\), and maximum prin-
cipal strain (gn,x) were obtained for all conditions. Maxi-
mum principal stress was selected because the bone shows
large differences between the ultimate tensile and compressive
strengths.?>2% The influence of all loads was evaluated at the
bone-implant interface around implant number four.

Results

The maximum and minimum principal stresses (0 max, O min)
were highest in the large mandibular arch, followed by the small
and regular mandibular arches. For type I bone models, M.IL
showed the highest o, values (MPa) (12.3 for L1, 35.1 for
L2), followed by M.I (6.98 for L1, 31.8 for L2), and M.IS (3.93
for L1, 28 for L2) (Fig 5). In the regular and small mandibular
arches, o m,x decreased by 43.25% and 68.04%, respectively, for
L1 and by 9.40% and 20.22%, respectively, for L2, compared
with the large mandibular arch. On the other hand, M.IS showed
the highest o ,x for L3 (—16.6 MPa), followed by M.IL (—13.9
MPa), and M.I (—0.31 MPa) (Fig 5).

For type II bone models, M.IIL and M.IIS showed the highest
O max for L1 and L3 (MLIIL -7.08 MPa, MLIIS -7.03 MPa for
L1; M.IIL -17.20 MPa for L3) (Fig 6). The highest o ,ax for L2
was noted in MLII (27.9 MPa) (Fig 6). In L2, 0 ,,x decreased
for MLIIS and MLIIL (26.16%) compared with M.II.

Tensile stress was more evident than compression stress in
type I bone (Fig 5). Similar behavior was observed in type II
bone; however, the stress values were lower than those in type
I bone (Fig 6).

For the maximum principal strain (eyax), M.IS showed the
highest stress (—2.2 for L1, 0.68 for L3), followed by M.IL
(1.05 for L1, 0.53 for L3), and M.I (0.99 for L1, 0.55 for
L3). For L3, M.IL showed a lower &,x than M.I. For L2,
M.IL showed an &,,x peak of 2.73 followed by M.I (2.37) and
ML.IS (2.07). When the small mandibular arch was used, €max
increased by 55% for L1 in comparison with M.I and 22.05%
for L3 in comparison with the large mandibular arch. For the L2
condition, the small mandibular arch showed the lowest values
in comparison with the large (23.44%) and regular mandibular
arches (11.81%).

For type II bone models, M.II and M.IIL showed the high-
est and similar e,,x (0.92) for L1. The same was observed
for MLIIS and ML.IIL (0.53) for L3, followed by M.IIS (0.79
for L1) and ML.II (0.45 for L3). The e, decreased in M.IIS
(14.13% for L1) and M.IT (15.09% for L3). For L2, M.II
showed the highest g;,,x (2.12), followed by M.IIS and M.IIL
(2.07).

30 Journal of Prosthodontics 20 (2011) 29-34 © 2010 by The American College of Prosthodontists



de Almeida et al

Figure 1 Configuration of the mandibular arch
on the horizontal plane. Abbreviations: M.S,
small interforaminal dimension; M., regular
interforaminal dimension; M.L, large
interforaminal dimension.

Figure 2 (A and B), frontal and inferior views,
respectively, of the implants connected to the
prefabricated bar; (B), 1-4: Implant
identification; (C), finalized model; (D), L1 (axial
load), L2 (buccolingual load), and L3
(lingual-buccal load).

Figure 3 Finite-element meshes of the small
(M.S), regular (M.), and large (M.L) formats.

Figure 4 Boundary conditions in the finite
elements program.

Horizontal Configuration of the Mandible and Prefabricated Bars
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40,00
20,00 )
-2
10,00 3 Figure 5 Values of o, (MPa) for cortical bone
— in MLIS, M.I, and M.IL after L1, L2, and L3. The
0,00 -4 "
’F"-\ \ /\ numbers 1, 2, 3, and 4 represent implants from
10.00 ~" N right to left, respectively. Abbreviations: M.IS,
: \ type | small format; M.1, type | regular format;
-20,00 M.IL, type | large model format; L1, axial load;
MISL1  MIL1 MIL-L1 MIS-L2 MI-L2  MIL-L2  MIS-L3 MIEL3 MIL-L3 L2, lingual-buccal load; L3, buccal-lingual load.

The influence of mandible size on ¢ .x and o grain Was most
evident in the L1 and L3 conditions. For both o .« and o gain
the alterations in mandible size showed little influence on the
stress values for L2.

The equivalent von Mises (o yv) shows similar results be-
tween the large and small mandibular arches for L1, L2, and
L3. Regular arches showed the lowest values in type I bone
and similar values for the small and large mandibular arches in
type II bone. The L2 condition showed highest values for all
parameters (UVMa O max> O min» 8max)~

Discussion

Although no studies have evaluated the effects of different
mandibular arch sizes in completely edentulous patients under-
going osseointegrated implant treatment, there is still a clinical
concern about the use of prefabricated bars, even under ade-
quate bone volume and shape conditions.?’ This study showed
the influence of differences in mandibular size (small, regular,
and large) on the alteration of stress in implants placed in the
posterior region (implant number four). This area is subject
to the highest linear dimension modifications due to different
horizontal mandibular arch formats.

A mandible with implants closer to the buccal or lingual bone
limits might show higher stress concentration in comparison to
the regular size. In the long term, this might lead to bone loss.?

The vertical loading generated equivalent von Mises stress
concentration at the lingual face of the bone for all models. It
was highest for the small mandibular arch type I. When the
buccolingual load was applied, the stress was concentrated at

the buccal, lingual, and distal sides of implant number four.
The large mandibular arch type I showed the highest stress
concentration in that area. When the lingual-buccal load was
applied, the stress concentration occurred at the mesial and
distal sides of the implant. The small mandibular arch type I
showed the highest stress concentration.

Although mandible size might explain the difference in lo-
cation and stress intensity based on loading variation, the stress
for the L2 condition showed small differences between mod-
els, with similar values in comparison to L1 and L3 conditions.
Studies on the shape of triangular and square arch formats are
necessary to better understand the influence of mandible con-
figuration with regards to implant position. The phenomenon of
bone remodeling may be particularly associated with external
geometric changes in the bone:2° however, no data have been
shown in previous literature that confirm exactly how mechan-
ical loads are transmitted to the osteoblasts and osteoclasts for
the process of bone remodeling to occur.?-3

The use of oblique loads in FEA simulates a more realistic
stress-distribution situation, which is capable of demonstrat-
ing localized cortical bone stress.>! Numerical analysis shows
advantages over other methods for characterizing complex clin-
ical situations, showing a high degree of sensitivity to param-
eters such as load, shape conditions, and material properties,
with adequate reliability among models.'®32 It is also worth
highlighting the benefit of the modeling technique used in this
study. Even though solid models can be created from CT,3
altering the horizontal dimension of the bone is not a simple
procedure in such models. In the technique used in this study,
the shapes of the transversal sections of the mandibular bone

400
300
A"\-..
20,0
\ -1 . .
10.0 7 -2 Figure 6 Values of o, (MPa) for cortical
/ \ a 3 bone in M.IIS, M.II, and M.IIL after L1, L2, and
00 7 L3. The numbers 1, 2, 3, and 4 represent
— A<\ 3 s1.2.3,and 4
400 = '-"L--—r‘" . // \\ o) implants from right to left, respectively.
"M é Abbreviations: M.IIS, type Il small format; M.1I,
-20,0 ~" type Il regular format; MLIIL, type Il large
300 ) ] format; L1, axial load; L2, lingual-buccal load;
' MIS-L1  MiL1 MIL-L1 MEIS-L2  MI-L2 MIL-L2 MHS-L3  MI-L3 MIIL-L3 L3, buccal-lingual load.
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were very similar across models, making the interforaminal dis-
tance the influencing factor of stress alteration; however, it must
be emphasized that the structures were assumed to be homoge-
neous, isotropic, and linearly elastic, but, in fact, the properties
of the materials are different. Cortical bone is a transversally
isotopic and nonhomogeneous structure.>* This should be con-
sidered in future studies. Furthermore, the assumption that all
the interfaces (including bone-implant interface) were perfectly
bonded cannot always be transferred to real clinical situations,
as osseointegration does not occur between surfaces with per-
fect contact interface,’* an issue that requires further investiga-
tion. Although the reliability might be affected, experimental
data (ie, the use of strain gauges) are also necessary to evaluate
bone behavior based on different arch configurations to add
further data to such investigations.

Conclusions

According to the methodology used, it was concluded that:

(1) The large arch format showed higher influence on the stress
variation compared with other formats; mainly for type I
bone.

(2) For type II bone, the large and small arch sizes showed
similar stress values, which were larger than those in the
regular-sized format.

(3) Vertical and buccolingual loads showed the most influence
on the alteration of o ..

(4) The small type I bone format showed greater deformation
compared to the other formats when vertical and lingual-
vestibular loads were applied.
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