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Abstract

Purpose: To determine the ideal position of a dental implant to assist a posterior
extended partial removable dental prosthesis (PRDP), through stress values, displace-
ment values, and deformation of periodontal ligament (PDL).

Materials and Methods: A finite element analysis of different implant positions was
analyzed using a 3D mandible model from a human patient. Test models were created:
model A (implant in second molar area), model B (implant in the first molar area),
and model C (implant in premolar area). A control model without implant support
was also created. Overall displacement values, von Mises stress distribution maps,
and nonlinear deformations were evaluated.

Results: Some differences could be observed between test models. The introduction
of an implant in the edentulous area, unlike a conventional removable partial denture
without implant support, decreases stress values in the biological structures such as:
mandible, tooth, soft tissue, and PDL. Placing the implant in the first molar area
resulted in improved displacement values, and reduced maximum stress values at the
peri-implant bone area, metal structure, and implant were observed.

Conclusions: Within the limitations of this study we can conclude that placing
the implant in the position of the first molar improves biomechanical behavior of

implant-assisted PRDPs.

The use of dental implants to support or assist distal extension
partial removable dental prostheses (PRDPs) has been well
documented.'’” Several clinical benefits of implant-assisted
PRDPs (IAPRDPs) are claimed by these studies such as: in-
creased retention of the denture and therefore limiting the lateral
and vertical displacement of the PRDP, efficient distribution of
masticatory forces along the PRDP and the remaining teeth,
and reduction of the resorption process that occurs below the
distal base saddle.® Moreover, recent well-designed prospective
clinical studies recommend the use of IAPRDPs over the use
of conventional PRDPs, since IAPRDPs can improve chewing
capacity and patient satisfaction.”!°

Implant location along the distal extension area of the PRDP
has been a source of debate both in clinical and in vitro studies,
as it may play a crucial role in the force distribution of the
IAPRDP and therefore influence the clinical effects of such
treatment modality.'"®!? Distalized position (second molar) or
middle position (first molar and second premolar) for ideal
implant position have been claimed in clinical and in vitro
studies to increase stability of the IAPRDP.>*° However, a
preferred position has not been clarified.'?

Finite element analysis (FEA) has been and is still widely
used for predicting the biomechanical behavior of dental
implants.!! FEA applied to IAPRDPs has been used in numer-
ous studies.>'21 Memari et al'? conducted a 3D FEA analysis,
which reinforced the hypothesis that an implant placed in the
first molar would improve the biomechanical behavior of an
IAPRDP. Their findings showed that, in contrast to other clin-
ical and in vitro studies, the position of the implant in the first
molar was the one that offered the least displacement values and
therefore the best distribution of forces over the remaining teeth
and along the alveolar ridge; however, this study was based on
a simplified 3D model and did not consider the natural geome-
try of a real patient. This could lead to some assumptions that
would reduce the predictive accuracy of the FEA model.'! At
present, the literature does not include 3D FEA studies based
on real patient models that analyze the ideal position of the
implants along the edentulous ridge in IAPRDPs.

The aim of this study is to clarify which implant position
in Kennedy class 1 IAPRDPs generates an improved biome-
chanical behavior on the different biological and nonbiological
structures, using 3D FEA.
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Figure 1 Selected CBCT of patient. Cross sectional views were obtained to check for bone availability of posterior alveolar ridge.

Materials and methods

This study was approved by the Research Ethics Committee
(REC) of the School of Dentistry at the Universitat Interna-
cional de Catalunya (UIC).

Obtaining the digital models

To work with a realistic model, a 3D cone beam computerized
tomography (CBCT) scans were selected among the records of
patients who underwent dental implant therapy in the UIC den-
tal clinic. The selection criteria were that the patient had to have
posterior bilateral mandibular edentulism with enough available
bone to place standard dental implants without the need of any
kind of bone regeneration. The selected CBCT scan was from
a 53-year-old male patient with a Kennedy class 1 mandibular
partial edentulism (Fig 1). Then, a stereolithopraphic model of
the mandible was printed (Fig 2A) to fabricate a 2-mm thick soft
tissue structure (Fig 2B). A conventional PRDP with a lingual
bar connector, minor connectors, retentive clasps, occlusal rest,
and reciprocal clasp was fabricated (Fig 2C). Once the PRDP
was obtained, all models were digitalized by an optical scanner
(Steinbichler Comet 13d 5m; Steinbichler Optotechnik GmbH,
Neubeuern, Germany) (Figs 3A and B).

The implant chosen for this study was an Ankylos implant
(Dentsply Sirona Inc., York, PA); 3.5-mm diameter, 11-mm
long. These dimensions represent one of the most common im-
plant dimensions used in implantology.?’ Also, a conical inter-
nal connection implant was chosen, since it demonstrated good
clinical results in abutment fit, stability, and seal performance.21
The retentive element chosen for this study was the Locator®

abutment (Zest Anchors, LLC, Carlsbad, CA), whichis a widely
used retentive system chosen for its ease of use, repair, and re-
placement. Additionally, different connections and heights that
can adapt to different prosthetic situations are available.?>?3
The digital models of the implant and the Locator abutment
were obtained directly from the manufacturers with a stere-
olithography (STL) format file, so precise models were used in
the FEA (Fig 3C).

Digital model preparation

The different digital models were assembled into one model us-
ing SolidWorks software v14 (Dassault Systemes SolidWorks
Corp., Waltham, MA). After assembly, a simplification was
needed to reduce calculation time. Such simplification was done
using the same software and consisted in reducing the size of
the mandible in length and sectioning it sagitally to obtain the
left mandibular quadrant (Fig 4).

Since the periodontal ligament (PDL) could not be differen-
tiated in the CBCT scan, it was also generated with the Solid-
Works software. Thickness ranged from 0.125 to 0.250 mm
following a previously published study.?* In this study this lig-
ament was only assigned to the canine, as it would be the only
tooth in direct contact with the PRDP.

Study models

After preparation, the test models were created depending on
the different implant positions along the edentulous ridge:
model A, implant placed in the second molar area (Fig 5A);
model B, implant placed in the first molar area (Fig 5B); and
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Figure 2 Stereolithographic model of mandible. (A) Sintered model of
mandible. (B) Sintered model with soft tissue. (C) Conventional RDP
fabricated.

Figure 3 All digital models obtained for FEA. (A) Biological models of
mandible, soft tissue and teeth. (B) Models related to PRDP, separation
between resin base models and metal framework model. (C) Set of
models of implant and the Locator abutment with its metal attachment.

Figure 4 Simplified model with all different structures assembled. (A)
Simplified model with resin base of PRDP. (B) Simplified model without
resin base to check position of Locator abutment.

Figure 5 Study models. (A) Model with implant placed in the area of
second molar. (B) Model with implant placed in position of first molar.
(C) Model with implant position in intermediate area of premolars. (D)
Control model without implants.

Implant Position and Kennedy Class | RPDs

A B
200 N 200 N
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Figure 6 Tetrahedral mesh shape of model, magnitude, direction, and
inclination of masticatory forces used for FEA. (A) Magnitude force of
200 N directed towards oclusal surface. (B) Lingual view. (C) Oblique
inclination of 30° angle in relation with oclusal plane. Blue area in A,
B, and C indicating fixation of model to allow rotational movement of
mandible.

Table 1 Different thicknesses of mesh used depending on different
structures analyzed

Structures Mesh thickness (mm)
Jawbone 2

Teeth 1
Periodontal ligament 0.2

Soft tissue 1.5

Metal structure of PRPD 1

Resin base of PRPD 1.5

Implant and Locator abutment 0.6

model C, implant placed in the premolar area (Fig 5C). Also, a
control model was generated with a conventional RDP without
implant support (Fig 5D).

The meshes of the different study models were generated
with SolidWorks software, and a tetrahedral form was selected
for the FEA (Figs 6A and B). The thickness of the mesh was
different for each structure to be analyzed, and ranged from 0
to 2 mm (Table 1).

Physical properties and interaction between
structures and masticatory forces

The different physical properties of all materials used were
considered isotropic and expressed in two separate constants:
Young’s elasticity modulus in MPa and Poisson’s ratio.'!?>
Some physical properties were obtained from a similar study
by Pellizzer et al.'> Physical properties of bone were made by
mean values between cortical and trabecular bone (Table 2).
The interaction of the different structures that composed the
models of the study was considered as bonded.

To simulate a realistic masticatory process, a 200 N magni-
tude force with a bucco-lingual direction of 30° to the occlusal
plane was applied to the models following previous studies
in the literature®®?’ (Fig 6). The displacement of all models
was restrained at the distal part of the mandible, allowing an
anterior-inferior movement in an attempt to simulate a rota-
tional temporo-mandibular joint (TMJ) movement (Fig 6).
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Table 2 Physical properties of materials used

Young's modulus Poisson’s
Materials (GPa) coefficient
Jawbone 4.4525 0.3
Teeth* 18.6 0.31
Alveolar mucosa* 0.68 0.45
Titanium implant*
Locator® retainer* 103.4 0.35
Chrome-cobalt metal structure* 206.9 0.33
Acrylic resin* 8.3 0.28
Nylon retentive part of the Locator* 2.4 0.39

“Material properties obtained from Pellizzer et al.'?

Table 3 Maximum values of displacements, stress, and nonlinear de-
formation of the different structures obtained from each model

Model A° Model B Model C  Control

Total displacement (mm) 0.074 0.071 0.077 0.1

Mandible stress (MPa) 13.21 13.02 9.40 14.75

Metal framework stress 135.7 87.30 65.31 104.3
(MPa)

Soft tissue stress (MPa) 2.6 3.2 3.3 3

Resin stress (MPa) 30.2 37 16 17.55

Tooth stress (MPa) 13.36 17.48 13.49 18.00

Implant stress (MPa) 123.24 83.65 2241 -

Periodontal ligament stress 0.103 0.105 0.103 0.102
(MPa)

Periodontal ligament 22 26 21 27

deformation %

FEA calculation

The calculation method to simulate the behavior of the different
materials was linear for all elements of the model, except for
the PDL of the canine, which was established as nonlinear in
geometry and in material composition, based on previously
published studies.>*?® To evaluate the biomechanical behavior
of the IAPRDP, values of displacements in mm, von Mises
stress maps in MPa, and nonlinear strains in % of the different
structures were considered. Descriptive analysis of the data
obtained in the finite element simulation was performed.

Results

Table 3 shows the overall results obtained after conducting the
FEA.

Overall displacements

Displacements were very similar in the different test models
(model A: 0.074 mm; model B: 0.071 mm, and model
C: 0.077 mm) (Figs 7A to C); however, they were different
from the control model (0.1 mm) (Fig 7D). Model B ob-
tained the lowest values and a greater distribution of such
displacements (Fig 7B).

Ortiz-Puigpelat et al

Mandible bone stress

Maximum stress values were: 13.21 MPa in model A,
13.02 MPa in model B, 9.40 MPa in model C, and 14.75 MPa
in the control model (Fig 8). In the test models with the implant,
stress concentrations were found in the interface between the
implant and the prosthetic abutment (Figs 8A to C).

Soft tissue stress

Maximum stress values obtained in the soft tissue were 2.6 MPa
in model A, 3.2 MPa in model B, 3.3 MPa in model C, and
3 MPa in the control model.

Tooth stress

In the canine tooth, the maximum stresses ranged from 13.36
to 18 MPa. In all models, these tensions were located on the
distal area in contact with the PRDP. Stress was higher in the
control model.

PDL stress and nonlinear deformation

The stress values found in the PDL were very similar: in model
A, 0.103 MPa; in model B, 0.105 MPa; in model C, 0.103 MPa;
and in the control model, 0.102 MPa (Fig 9). The location and
the distribution of these were very similar in all models and
were concentrated on the lingual and mesial aspects of the
ligament. They are reported in Table 3 and Figure 10. In all
models, these strains were located on the mesio-buccal aspect
of the cervical portion of the ligament.

Metal framework and resin stress

Maximum stress values found in the metal framework are
recorded in Table 3 and Figure 11. In the resin, the maximum
stresses were very similar in models A and B. The control model
and model C behaved in a similar way in terms of maximum
stresses.

Implant stress

Stress values found in the implants are listed in Table 3 and
Figure 12.

Discussion

Although FEA studies show an impressive capacity to investi-
gate biomechanical behavior of dental implants and their sur-
rounding tissues,'! one of the main limitations is that due to
the complexity of the geometry, composition, and dynamic be-
havior of biological structures, simplification of the working
models is needed to reduce calculation time,'' consequently
making FEA studies less accurate in predicting biomechani-
cal behavior. Therefore, simplification of the models has to be
limited in order to obtain a more predictable FEA.>

In this study simplification was applied in the model’s size,
the physical properties of bone, and the model’s range of move-
ments. Regarding the size of the model, only the left mandible
quadrant was used instead of the entire mandible, since bilat-
eral posterior partial edentulism was studied, and symmetric
conditions were considered. The physical properties of bone
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0.074 mm

0.071 mm 0.077 mm 0.090 mm

Figure 7 Overall displacement values and their distributions (maximum
values in red, minimum values in blue).
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13.21 MPa

Control

13.02 MPa 9.40 MPa 14.76 MFa

L'V L '\lr v L

Figure 8 Von Mises stress map of mandible (maximum values in red,
minimum values in blue). The sectional cuts of peri-implant bone of test
models are shown. Vestibular (V) and lingual (L) sides are marked. Red
arrow locates maximum stress.

0.103 MPa 0.1058 MPa 0.103 MPa 0.102 MPa

Figure 9 Von Mises stress map of PDL (maximum values in red, mini-
mum values in blue). Mesial (M), distal (D), vestibular (V), and lingual (L)
sides of PDL are marked. Red arrow locates maximum stress.

A1)

21% 27%
Figure 10 Maximum nonlinear strains and their distributions of PDL
(maximum values in red, minimum values in blue). Mesial (M), distal (D),
vestibular (V), and lingual (L) sides of PDL are marked. Red arrow locates
maximum strain.
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Figure 11 Von Mises stress map of metal structure (maximum values in
red, minimum values in blue). Red arrow indicates location of maximum
stress values.
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c
DlTA_

224.07 MPa

Figure 12 Von Mises stress map of implant, Locator® abutment, and
metal retainer (maximum values in red, minimum values in blue). Mesial
(M), distal (D), vestibular (V), and lingual (L) sides of implant are marked.
Red arrow indicates location of maximum stress values.

were considered isotropic instead of orthotropic, where direc-
tions of forces are oriented in three different planes of space
and represent a more realistic behavior of jaw bones.** Finally,
a simple rotational movement of the model was used trying to
simulate complex TMJ movements.

Although minimal differences were found, implant position
had an impact on the biomechanical behavior of IAPRDPs;
however, the methodology used in this study intended to be
as close as possible to a real clinical scenario and updated to
the new standards in implant dentistry by using a 3D model
of a real patient’s anatomy, nonlinear deformation of the PDL,
use of internal conical connection implant system, and use
of the Locator® attachment system. Such considerations have
made comparisons with similar studies difficult.>%!31820 For
instance, displacements and stress results obtained in two simi-
lar studies where implant location in IAPRDP was analyzed>'?
were different from those obtained in this study. One possible
explanation would be that the magnitude and direction of mas-
ticatory forces were different, and also that the displacements
of the different models during simulation were restrained at the
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bottom of the mandible, whereas in our study, such restraint
was located at the distal part of the model allowing a rotational
movement. When analyzing results of the overall displacement
values, they were slightly different from Cunha et al’s study,’
which showed general displacements of 0.117 mm placing the
implant in the second molar, 0.107 mm placing the implant in
the first molar, and 0.112 mm placing the implant in the second
premolar; however, these results agree with those obtained in
our study, that the maximum displacement reached was found
in the control model, and the lowest in the model where the
implant was placed in the area of the first molar, model B.

In general, no major differences were found between the test
models in terms of maximum stress; however, differences were
found between the test and control. Generally, in the control
model, maximum stress was located in the biological structures
such as the mandible, tooth, soft tissue, and PDL. Therefore,
the incorporation of an implant in the PRDP resulted in a re-
duction of stress in these structures. This evidence was also
found in other similar studies.>!>!%!> Although the placement
of the implant improves the stability of the denture and relieves
stresses in biological structures, it also increases stress in non-
living tissues such as the implants, metal framework, and resin
of the PRDP.5%

The stress analysis of the mandible bone in our study, regard-
less of the position of the implant, was distributed similarly in
all models; however, some differences could be seen between
test models when analyzing the area of the peri-implant bone.
In such areas, the implant in the first molar position offered
a more favorable distribution and dissipation of stress along
the entire length of the peri-implant bone (Fig 8B), compared
with models A and C, where such stress was concentrated in
the area of the prosthetic interface (Figs 8A and C). In Cunha
et al’s study,’ the maximum stresses were higher than those
found in our study, ranging from 17.46 to 22.93 MPa and all
being located at the apex of the implant. In Memari et al’s
study,'? placing the implant in the first molar area presented
the lowest stress value (4.1985 MPa) in the cortical bone. Such
differences could be explained by the different location of the
displacement strain, as mentioned earlier.

The stress found in the PDL was very similar in all our
models (0.101 - 0.105 MPa). Stress was poorly distributed
and highly localized in the lingual and mesial aspects of the
PDL. Cunha et al® found that the model with the implant
in the premolar area reduced the stress values of the PDL,
obtaining the lowest value of 10.772 MPa. In our study, when
analyzing the nonlinear strain values some differences were
seen between the test and the control models. The maximum
strain was found in the control model (27%), and the minimum
strain was found in model C, with the implant located in the
second premolar (21%), reinforcing the idea that IAPRDP
can reduce strain forces in the PDL, especially when such an
implant is placed in the second premolar area.

With regard to the stress found in the metal framework of
the PRPD, its distribution was very similar in all models, being
concentrated at the base of the minor connectors, at the junc-
tion of the lingual bar connector and the resin base (Fig 11).
In test models, stress was observed in the area surrounding the
retentive patrix part of the Locator® abutment (Figs 11A to C).
In model C (implant in the premolar area) these two stress

Ortiz-Puigpelat et al

concentration points were close together due to the proxim-
ity of the resilient attachment housing to the minor connector
(Fig 11C), therefore increasing the concentration of stress in
this area. This could explain how in some clinical cases where
implants were placed in the premolar areas, the metal frame-
work of the IAPRDP fractured.” Therefore, a correct design
of the metal framework is recommended, especially when the
implant is close to the remaining teeth.?

Stress analyzed in the implants (Fig 12) was quite lower than
those found in Cunha et al’s® study model, being 297.61 MPa
in the second molar implant, 283.18 MPa in the first molar
implant, and 245.094 MPa in the implant at the level of the
second premolar. In Cunha et al’s study, maximum stress values
were located in the middle distal part of the internal connection
area of the implant. In our study, maximum stress was located in
the portion of the prosthetic connection of the implant, except in
model C (Fig 12C), which obtained the highest stress, and these
were located in the apical portion of the implant, probably due
to its tilted position. In Memari et al’s'? 3D study, the maximum
implant stress values were 14.585 MPa in the implant placed
in the second molar area and 16.02 MPa in the implant placed
in premolar region. The lowest value was found in the first
molar area and was 13.108 MPa. Although such results were
significantly lower than the results obtained in our study, they
agree that the implant in the first molar position obtained the
lowest values and more favorable stress distribution along the
length of the implant and the Locator® abutment (Fig 12B).

Although minimal differences in displacements and stress
values were found between test models, they showed im-
proved results compared with the control model, reinforcing
the idea that placing an implant in the distal edentulous area
would minimize the biomechanical limitations of a conven-
tional PRDP.!%1%-30-33 Moreover, model B (Fig 5B) obtained
an improved biomechanical behavior, considering the general
displacement values, maximum stress, and distribution in the
peri-implant bone, metal framework, and implant. Despite the
differences in methodology used, the same conclusion was also
reached in Cunha et al’s’ and Memari et al’s'? investigations,
which also found this position to be the most appropriate in the
treatment of IAPRDP.

Conclusions

Within the limitations of this in vitro study we can conclude
the following:

1. Placement of an Ankylos implant with a Locator® abut-
ment, independent of its position in the edentulous ridge,
improved the biomechanical behavior of PRDP.

2. Placing the implant in the first molar area showed en-
hanced biomechanical results, when considering general
displacements and maximum stress values and their dis-
tribution in peri-implant bone, PRDP metal framework,
and implant.

Well-designed clinical studies are needed to validate such
findings.
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