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Abstract
The current paper aims to investigate the stress distribution developed in Kennedy Class II mandibular distal extension
removable partial dentures due to applying a unilateral load condition in both vertical and lateral oblique directions. 3D
models of mandible bone and RPD framework were first built based on actual patient data and later exported to ANSYS
software to implement the numerical analysis. For realistic analysis, the model considered the frictional contact between the
RPD retainers with the teeth and mucosa with the resin denture base by applying the feature of small sliding. To ensure
maximum longevity and suitability of restoration, two different metallic RPDs constructed from commercially pure titanium
(CP Ti) and cobalt–chromium (Co-Cr) base materials were investigated within the proposed model. It was found that the
highest stress value was seen within the Co-Cr framework followed by the titanium framework, particularly within the bar
clasp under both loading directions. The principle abutment of the distal extension side carried the highest stress value under
both RPD models in both loading cases. Also, it was found that the captured von Mises stress levels within the titanium bar
clasps were lower than that in Co-Cr demonstrating both long durability and high flexibility of Ti clasps.
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Introduction

The percentage use of removable partial dentures (RPDs)
for rehabilitation of completely or partially edentulous
adults has been reported to be increasing, leading to the
high possibility of owning teeth when people get older1.
As a consequence, there is a rapidly growing need for teeth
replacements to restore both efficient function and social
roles. Although there are potential risks of having an RPD
such as the increase of plaque build up around the abut-
ment teeth and bone loss at the areas of missing teeth, the
benefits from using professionally developed designs of
RPDs are many, including amended manifestation and
self-assurance, easy crunching, improved speech, pre-
vention of teeth moving and the ramification of lost teeth,
reduction the risk of temporomandibular joint dysfunc-
tion, and prevention of facial changes. Based on these
advantages, several types of RPDs are currently in use; all
of these apply standard teeth as replacements for the
missing natural teeth. The types of dentures are mainly
differing in design parameters, which involve: shape de-
sign, materials, types of retainers, and type of support2.
The difference in these parameters results in different
biomechanical behavior of distal extension RPDs in ad-
dition to varying levels of induced stresses, which play an
essential role in the success of this particular type of
prosthesis. As a result, the service expectancy of an RPD
will depend majorly on the degree of control of different
stresses-induced throughout its structure.

As we stated above, one of the major differences be-
tween these RPDs is the material type used to support the
denture teeth and retain the RPD in the mouth.3 The suitable
selection of the material type will keep the generated levels
of stresses within certain limits allowing for the necessary
maintenance of the supporting structures without risks. The
accomplished research over the last two decades within the
area of material type shows that metal and non-metal alloys
might be an alternative to satisfy the purpose of decreasing
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the constructed model parts were then imported into
SolidWorks software and exported as a solid 3D model in
SAT file format.15,17,23

To start the FEA, the assembly of all model parts that
included the partially edentulous mandible bone, support-
ing mucosa and RPD were imported into ANSYS Work-
bench software, as shown in Figure 1. The simulation
options available within ANSYS simulator were used to
define the material properties, mesh the model, apply
boundary conditions, load the model, and finally implement
the analysis. The interactions between the individual parts
of the 3D model were applied through defining the contact
behavior. The feature of perfectly bonded surfaces was used
to simulate the contact between the periodontal ligament
(PDL) and teeth, mandible bone and PDL, mandible bone
and soft tissue, left and right resin denture bases with the
RPD metal. Alternatively, frictional contact behavior was
used to model the contact between the other geometry parts.
A friction coefficient of 0.1 was applied to model the
contact between the occlusal rest direct retainer and the
teeth, while a friction coefficient value of 0.01 was utilized
for the contact surface between the resin denture base and
the soft tissue.23

All the materials were assumed to be homogeneous,
linear, and have elastic material behavior characterized by
the two material constants of Young’s modulus and Pois-
son’s ratio. The elastic properties of the materials used in the
models were taken from previous studies as shown in
Table 1.22,29,30,31 To prevent displacement and rotation of
the model during force application on the occlusal surface
of the RPD (i.e., zero displacement constraints), the volume
of the upper section of the ramus and two-thirds of the
inferior border starting from the anterior angle of the
mandible were assumed to be fixed in all directions (anterio-

posterior, medio-lateral, and superior-inferior). For meshing
purposes, the ten-node tetrahedral type of element which is
recommended for complex geometries was used to mesh
the models,15,23 as shown in Figure 2. A number of 394,303
total elements and 682,081 nodes were used to mesh the
whole model. The element mesh size used was ranging
between 0.35 and 3.5 mm depending on the region ge-
ometry and volume.

The stress analysis was conducted with a unilateral
loading condition of 101.57 N distributed on the occlusal
surface of the artificial left first and second M in the distal
extension side. The load of 101.57 N was calculated ac-
cording to a pilot study performed on 10 patients provided
with Kennedy Class II modification 1 metallic RPDs (CP
Ti and Co-Cr. The pilot study involved a sample of 10
cases of Kennedy Class II lower partially edentulous
patients with posterior modification (all-female aged 50–
60 years old) and provided with two different types of
unilateral distal extension RPD including artificial first and
second molar in free end side and the missing teeth in the
modification side. The upper arch was natural dentition
with no artificial appliance or missing posterior teeth. The
patients were selected according to clinical criteria. The
maximum bite force (MBF) was measured unilaterally in
the distal extension side for each patient with each type of
RPD using a portable type of occlusal force gauge. The
mean of all MBF values given by all the patients was
calculated and used as a maximum load to be applied in the
present study.

The loading of the dentures was performed in two di-
rections, vertical and lateral oblique at a 45° angle to the
long axis of the tooth, and at the central fossa of the artificial
teeth, as shown in Figure 3. After load application, a linear
elastic analysis was performed for each loading direction by

Figure 1. Assembly of 3D model parts into ANSYS program; A- Partially edentulous mandible bone, B- supporting mucosa, C- Metallic
RPD (Co-Cr and Titanium), D- partially edentulous mandible replaced with Co-Cr and Titanium RPDs.
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stresses and preserving the health of abutment teeth and
their supporting structures.4–6 Chrome alloys were used
because of their high modulus of elasticity compared to
gold alloys, but it permits less flexibility during the
placement of cast clasps. To overcome this problem, either a
small cross-sectional form of the clasp and less depth of the
retentive undercut has to be used for chrome alloy, or an
alternative such as wrought wire is used because of its
internal structure, that is, longitudinal structure as compared
to the grain structure of cast alloy, which in turn allows for
high flexibility.7 Another favorite option is to use CP Ti and
Titanium alloys. These alloys have been used to fabricate
removable denture frameworks due to reasons such as
superior biocompatibility, prominent corrosion strength,
and mechanical toughness, which are analogous to those
properties of gold alloy.8 In actual situations, different types
of stress might be generated due to improper framework
design and inaccurate sizing, and these stresses may cause
impingement of the gingival structure or twist the abutment.
Also, the distribution of the applied forces on the abutment
teeth and residual ridge to the underlying supporting
structures are essential considerations when designing and
constructing RPDs. The load exerted on an RPD, particularly
in Kennedy class I or II RPDs is rationed between the
abutment teeth and the residual ridges9. Therefore, an ade-
quate understanding of the stresses generated by both RPDs
and external applied forces represents a necessity to satisfy
the maximum longevity and suitability of a restoration.

Due to the high complexity involved in modeling
structures such as mandibular unilateral distal extension
RPDs, most of the former research studies that deal with the
prediction of stress levels encountered during load appli-
cation were done using experimental methods such as
photoelastic stress analysis, holography, and strain
gauge.10–14 The experimental methods showed that direct
experimental measurement of stress distribution at some
critical locations in the complex geometries is difficult.
However, advances in computer modeling methods supply
an alternative choice to realistically predict stress profiles.
Quantitative methods like the finite element method (FEA)
are a well-accepted theoretical alternative for computing
stress distribution within complex geometries.15–17 This
method gave acceptable results in the case of investigating
the effect of changing model design parameters of RPDs on
the stress levels or biomechanical behavior of mandible
Kennedy class I RPDs.18,19 In addition, the FEA has been
applied efficiently to evaluate the stresses generated in the
case of implant-assisted distal extension RPDs.20–24 To
cover up the effect of using different material types, the
FEA has been used to investigate the stress distribution in
tooth-supported RPDs made of Co-Cr and thermoplastic
nylon.25

The present study aims to design a 3D FE model from
actual patient data using a combination of computed to-
mography (CT) scan equipment and computer-aided design
(CAD) software to assess the stress distribution under
mandibular class II distal extension RPDs constructed from
CP Ti and Co-Cr alloys. Most of the previous studies used
either a simplified finite element model in which the pri-
mary model parts such as tissue, cortical bone, and spongy

bone were not considered in the simulation study, or the
study did not consider the effect of using different RPD
materials on stress distribution, and its consequences on
issues like longevity and suitability of a restoration.23,25,26

Unlike the previous studies, this study investigates the
stress pattern in both the RPD framework and the under-
lying supporting structures (mandibular bone, supporting
mucosa, and principle abutment teeth). In addition, the
current proposed model considers the feature of the actual
contact between the various parts of the evaluated designs.
The actual contact was not considered by most of the
previous literature and instead, it was assumed to be rigid
contact.

Materials and methods

The geometry of the components of the 3D finite element
model of a Kennedy Class II classification edentulous
mandible restored with two different RPDs fabricated of a
CP Ti and a Co-Cr alloy were created using CAD modeling
software, followed by a process of assembly of the indi-
vidual parts, and form the global structure. The steps of
constructing the 3D model geometry were similar to those
described in previous publications.15,17,23,26,27,28 To do so, a
computerized image model of a class II modification 1
partially edentulous mandible was made by using the CT
scan data of a female patient after obtaining patient consent.
Based on image density thresholding, different hard and
soft tissues have been identified. Furthermore, the features
of thresholding and segmentation were applied to separate
the spongy bone from the compact alveolar bone and to
separate the principle abutment teeth: the left 2nd premolar,
right 2nd premolar, and 2nd molar. For the construction, a
2 mm layer thickness of the supporting mucosal layer was
constructed overall mandible model and around the re-
maining teeth to replicate the supporting mucosal tissue. To
further satisfy realistic simulation, a periodontal ligament
(PDL) layer of 0.2 mm thickness was incorporated around
the roots.

Concerning RPD models, two RPD metal frameworks
were constructed for the same female volunteer, with the
same design but different base materials (CP Ti and Co-Cr).
As we explained earlier, the selected case was for Kennedy
class II modification 1 with three missing teeth: first, second
and third molars in the edentulous distal extension at the left
side and the first molar at the modification are at the right
side. The following design was used: lingual plate major
connector, RPI clasp assembly (bar clasp, mesial occlusal
rest, distal proximal plate) on the second premolar of the
distal extension side, circumferential clasps on the second
premolar and second molar of the modification side, and
acrylic resin artificial teeth replaced the missing natural
teeth. In order to create the 3D RPD metal framework
model, a CT scan was taken for the RPD metal framework,
and subsequent construction was undertaken using the same
steps as for 3D mandible model construction.15,16,23,26

Later, the 3D model of the metallic RPD framework was
adapted over the previously created 3D mandible model in
addition to build up the acrylic denture base part with
the required artificial teeth on the metal frame part. All
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the constructed model parts were then imported into
SolidWorks software and exported as a solid 3D model in
SAT file format.15,17,23

To start the FEA, the assembly of all model parts that
included the partially edentulous mandible bone, support-
ing mucosa and RPD were imported into ANSYS Work-
bench software, as shown in Figure 1. The simulation
options available within ANSYS simulator were used to
define the material properties, mesh the model, apply
boundary conditions, load the model, and finally implement
the analysis. The interactions between the individual parts
of the 3D model were applied through defining the contact
behavior. The feature of perfectly bonded surfaces was used
to simulate the contact between the periodontal ligament
(PDL) and teeth, mandible bone and PDL, mandible bone
and soft tissue, left and right resin denture bases with the
RPD metal. Alternatively, frictional contact behavior was
used to model the contact between the other geometry parts.
A friction coefficient of 0.1 was applied to model the
contact between the occlusal rest direct retainer and the
teeth, while a friction coefficient value of 0.01 was utilized
for the contact surface between the resin denture base and
the soft tissue.23

All the materials were assumed to be homogeneous,
linear, and have elastic material behavior characterized by
the two material constants of Young’s modulus and Pois-
son’s ratio. The elastic properties of the materials used in the
models were taken from previous studies as shown in
Table 1.22,29,30,31 To prevent displacement and rotation of
the model during force application on the occlusal surface
of the RPD (i.e., zero displacement constraints), the volume
of the upper section of the ramus and two-thirds of the
inferior border starting from the anterior angle of the
mandible were assumed to be fixed in all directions (anterio-

posterior, medio-lateral, and superior-inferior). For meshing
purposes, the ten-node tetrahedral type of element which is
recommended for complex geometries was used to mesh
the models,15,23 as shown in Figure 2. A number of 394,303
total elements and 682,081 nodes were used to mesh the
whole model. The element mesh size used was ranging
between 0.35 and 3.5 mm depending on the region ge-
ometry and volume.

The stress analysis was conducted with a unilateral
loading condition of 101.57 N distributed on the occlusal
surface of the artificial left first and second M in the distal
extension side. The load of 101.57 N was calculated ac-
cording to a pilot study performed on 10 patients provided
with Kennedy Class II modification 1 metallic RPDs (CP
Ti and Co-Cr. The pilot study involved a sample of 10
cases of Kennedy Class II lower partially edentulous
patients with posterior modification (all-female aged 50–
60 years old) and provided with two different types of
unilateral distal extension RPD including artificial first and
second molar in free end side and the missing teeth in the
modification side. The upper arch was natural dentition
with no artificial appliance or missing posterior teeth. The
patients were selected according to clinical criteria. The
maximum bite force (MBF) was measured unilaterally in
the distal extension side for each patient with each type of
RPD using a portable type of occlusal force gauge. The
mean of all MBF values given by all the patients was
calculated and used as a maximum load to be applied in the
present study.

The loading of the dentures was performed in two di-
rections, vertical and lateral oblique at a 45° angle to the
long axis of the tooth, and at the central fossa of the artificial
teeth, as shown in Figure 3. After load application, a linear
elastic analysis was performed for each loading direction by

Figure 1. Assembly of 3D model parts into ANSYS program; A- Partially edentulous mandible bone, B- supporting mucosa, C- Metallic
RPD (Co-Cr and Titanium), D- partially edentulous mandible replaced with Co-Cr and Titanium RPDs.
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stresses and preserving the health of abutment teeth and
their supporting structures.4–6 Chrome alloys were used
because of their high modulus of elasticity compared to
gold alloys, but it permits less flexibility during the
placement of cast clasps. To overcome this problem, either a
small cross-sectional form of the clasp and less depth of the
retentive undercut has to be used for chrome alloy, or an
alternative such as wrought wire is used because of its
internal structure, that is, longitudinal structure as compared
to the grain structure of cast alloy, which in turn allows for
high flexibility.7 Another favorite option is to use CP Ti and
Titanium alloys. These alloys have been used to fabricate
removable denture frameworks due to reasons such as
superior biocompatibility, prominent corrosion strength,
and mechanical toughness, which are analogous to those
properties of gold alloy.8 In actual situations, different types
of stress might be generated due to improper framework
design and inaccurate sizing, and these stresses may cause
impingement of the gingival structure or twist the abutment.
Also, the distribution of the applied forces on the abutment
teeth and residual ridge to the underlying supporting
structures are essential considerations when designing and
constructing RPDs. The load exerted on an RPD, particularly
in Kennedy class I or II RPDs is rationed between the
abutment teeth and the residual ridges9. Therefore, an ade-
quate understanding of the stresses generated by both RPDs
and external applied forces represents a necessity to satisfy
the maximum longevity and suitability of a restoration.

Due to the high complexity involved in modeling
structures such as mandibular unilateral distal extension
RPDs, most of the former research studies that deal with the
prediction of stress levels encountered during load appli-
cation were done using experimental methods such as
photoelastic stress analysis, holography, and strain
gauge.10–14 The experimental methods showed that direct
experimental measurement of stress distribution at some
critical locations in the complex geometries is difficult.
However, advances in computer modeling methods supply
an alternative choice to realistically predict stress profiles.
Quantitative methods like the finite element method (FEA)
are a well-accepted theoretical alternative for computing
stress distribution within complex geometries.15–17 This
method gave acceptable results in the case of investigating
the effect of changing model design parameters of RPDs on
the stress levels or biomechanical behavior of mandible
Kennedy class I RPDs.18,19 In addition, the FEA has been
applied efficiently to evaluate the stresses generated in the
case of implant-assisted distal extension RPDs.20–24 To
cover up the effect of using different material types, the
FEA has been used to investigate the stress distribution in
tooth-supported RPDs made of Co-Cr and thermoplastic
nylon.25

The present study aims to design a 3D FE model from
actual patient data using a combination of computed to-
mography (CT) scan equipment and computer-aided design
(CAD) software to assess the stress distribution under
mandibular class II distal extension RPDs constructed from
CP Ti and Co-Cr alloys. Most of the previous studies used
either a simplified finite element model in which the pri-
mary model parts such as tissue, cortical bone, and spongy

bone were not considered in the simulation study, or the
study did not consider the effect of using different RPD
materials on stress distribution, and its consequences on
issues like longevity and suitability of a restoration.23,25,26

Unlike the previous studies, this study investigates the
stress pattern in both the RPD framework and the under-
lying supporting structures (mandibular bone, supporting
mucosa, and principle abutment teeth). In addition, the
current proposed model considers the feature of the actual
contact between the various parts of the evaluated designs.
The actual contact was not considered by most of the
previous literature and instead, it was assumed to be rigid
contact.

Materials and methods

The geometry of the components of the 3D finite element
model of a Kennedy Class II classification edentulous
mandible restored with two different RPDs fabricated of a
CP Ti and a Co-Cr alloy were created using CAD modeling
software, followed by a process of assembly of the indi-
vidual parts, and form the global structure. The steps of
constructing the 3D model geometry were similar to those
described in previous publications.15,17,23,26,27,28 To do so, a
computerized image model of a class II modification 1
partially edentulous mandible was made by using the CT
scan data of a female patient after obtaining patient consent.
Based on image density thresholding, different hard and
soft tissues have been identified. Furthermore, the features
of thresholding and segmentation were applied to separate
the spongy bone from the compact alveolar bone and to
separate the principle abutment teeth: the left 2nd premolar,
right 2nd premolar, and 2nd molar. For the construction, a
2 mm layer thickness of the supporting mucosal layer was
constructed overall mandible model and around the re-
maining teeth to replicate the supporting mucosal tissue. To
further satisfy realistic simulation, a periodontal ligament
(PDL) layer of 0.2 mm thickness was incorporated around
the roots.

Concerning RPD models, two RPD metal frameworks
were constructed for the same female volunteer, with the
same design but different base materials (CP Ti and Co-Cr).
As we explained earlier, the selected case was for Kennedy
class II modification 1 with three missing teeth: first, second
and third molars in the edentulous distal extension at the left
side and the first molar at the modification are at the right
side. The following design was used: lingual plate major
connector, RPI clasp assembly (bar clasp, mesial occlusal
rest, distal proximal plate) on the second premolar of the
distal extension side, circumferential clasps on the second
premolar and second molar of the modification side, and
acrylic resin artificial teeth replaced the missing natural
teeth. In order to create the 3D RPD metal framework
model, a CT scan was taken for the RPD metal framework,
and subsequent construction was undertaken using the same
steps as for 3D mandible model construction.15,16,23,26

Later, the 3D model of the metallic RPD framework was
adapted over the previously created 3D mandible model in
addition to build up the acrylic denture base part with
the required artificial teeth on the metal frame part. All
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location of maximum stress concentration observed in the
two RPD frameworks under LO loading conditions was
similar to that observed under vertical loading conditions,
Figures 11 and 12.

For the underlying supporting structures, slightly higher
stress values were recorded under the LO loading direction
as compared to vertical loading, particularly in the un-
derlying cortical bone. Moreover, localization of maximum
von Mises stress distribution in the principle abutments,
spongy bone, and supporting mucosa were the same as that
seen under the vertical load application in the two models,
as shown in Figures 12–14. The maximum stress con-
centration area in the PDL was in the region down the
coronal part of the PDL, lingually in relation to the asso-
ciated abutment. In the supporting mucosa layer, the lo-
calization of maximum stress concentration in the two
models was around the socket of the left 2nd premolar, as
indicated by Figure 15

Table 2 summarizes the maximum von Mises stresses
encountered during simulation using two different RPD

frameworks under both unilateral vertical and lateral ob-
lique loading conditions for all the geometry components
considered in this study.

Discussions

Using distal extension RPDs as an alternative option for
the rehabilitation of prosthesis needs special care and
periodical maintenance due to common problems like lack
of stability, minimal retention, un-esthetic retentive
clasping, and discomfort upon loading.21 The stresses
generated due to such problems may accelerate failure or
even collapse of the denture and its abutment leading to
warping of the base. Therefore, analyzing the stress dis-
tribution within distal extension RPDs represents a ne-
cessity to examine the various attachment systems being
used and the stresses that are transmitted to the whole
structure. The current study used the finite element method
to quantify numerically the values of the von Mises stress
produced in different areas of lower class II mandibular

Figure 4. Distribution of equivalent von Mises stress pattern under the application of unilateral vertical load in A: Co-Cr RPD model,
B: Ti RPD model.

Figure 5. Distribution of maximum von Mises stress in different RPD frameworks under vertical unilateral loading condition; A: Co-Cr
RPD model, B: Ti RPD model.

Sabri et al. 5

means of the ANSYS workbench software, which was run
on a high-performance personal computer, and stress
analysis for each model was obtained. Quantities such as
von Mises stress (equivalent tensile stress), minimum
principal, and maximum principal are used to predict the
effect of loading forces on the RPDmodels or the prosthesis
structure.

Results

Maximum von Mises stresses in the RPD and its under-
lying supporting structures (mandibular bone, supporting

mucosa, and principle abutment teeth) were calculated
and evaluated in both RPD models under two loading
directions to show the criticality and disposition to col-
lapse of the considered structures. The stress contours for
the whole structure considered in this study are shown in
Figure 4.

For the case of the vertical unilateral loading condition,
the distribution of the resulting von Mises stress of the
two RPD models is shown in Figure 5. It is clear that the
highest level of von Mises stress (479.27 MPa) was de-
ducted in the Co-Cr RPD framework, followed by Ti RPD
(416.03 MPa). In both Co-Cr and Ti RPD models, the
maximum stress areas appeared within the bar clasp. For
both models, the von Mises stress values in principle
abutment of the distal extension side (left 2nd premolar)
and its PDL were higher than the stress values in the
abutments of (right 2nd premolar and right 2nd molar) and
their PDL. The highest stress on the abutments was
produced by the Co-Cr RPD model followed by the Ti
RPD, with a difference of 49 MPa in stress values of the
two cases. In all models, the maximum stress concen-
tration location in the right 2nd premolar appeared within
the enamel portion in the distal side of the crown, while
the maximum stress concentration area in the associated
PDL appeared in the region down the coronal part of the
PDL as shown in Figure 6.

Considering the underlying bone and supporting mu-
cosa, higher von Mises stress appeared in the cortical bone
as compared to spongy bone and supporting mucosa under
the two RPD models. More specifically, maximum stress
concentration in the cortical and spongy bone under both
Co-Cr and titanium RPDs appeared in the buccal shelf area.
Concerning supporting mucosa, the same stress pattern was
recorded in both Co-Cr and Titanium RPD models and the
maximum stress area appeared in the distobuccal part of the
distal extension side of the ridge. The distribution of the
equivalent von Mises stress in the cortical bone, spongy
bone, and the supporting mucosa of the two RPD models
under the vertical unilateral loading condition are shown in
Figures 7–9.

For the case of the unilateral lateral oblique (LO) loading
condition, Figure 10 shows the maximum von Mises stress
values in different parts of the two RPD models and their
distribution. The stress values are slightly less than the case
of vertical loading in which a higher stress value was in-
dicated in the case of the Co- Cr RPD framework
(353.56 MPa), followed by the Ti RPD (286.1 MPa). The

Table 1. Young’s modulus and Poisson’s ratios applied in the FEA.

Materials Young’s modulus (MPA) Poisson’s ratio References

Enamel 84,000 0.30 22,28
Dentine 18.300 0.30 22,28
Periodontal ligament 68.9 0.45 22,28
Spongy bone 1370 0.30 22,28
Cortical bone 13,700 0.30 22,28
Mucosa 19.6 0.37 22,28
Acrylic resin denture base 2650 0.35 22,28
Cobalt chromium 218,000 0.33 29,30
Commercially pure titanium 103,000 0.34 29,30

Figure 2. Mesh generation of the 3D FEA model.

Figure 3. Loading pattern (red arrows) and boundary conditions
(green regions).
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location of maximum stress concentration observed in the
two RPD frameworks under LO loading conditions was
similar to that observed under vertical loading conditions,
Figures 11 and 12.

For the underlying supporting structures, slightly higher
stress values were recorded under the LO loading direction
as compared to vertical loading, particularly in the un-
derlying cortical bone. Moreover, localization of maximum
von Mises stress distribution in the principle abutments,
spongy bone, and supporting mucosa were the same as that
seen under the vertical load application in the two models,
as shown in Figures 12–14. The maximum stress con-
centration area in the PDL was in the region down the
coronal part of the PDL, lingually in relation to the asso-
ciated abutment. In the supporting mucosa layer, the lo-
calization of maximum stress concentration in the two
models was around the socket of the left 2nd premolar, as
indicated by Figure 15

Table 2 summarizes the maximum von Mises stresses
encountered during simulation using two different RPD

frameworks under both unilateral vertical and lateral ob-
lique loading conditions for all the geometry components
considered in this study.

Discussions

Using distal extension RPDs as an alternative option for
the rehabilitation of prosthesis needs special care and
periodical maintenance due to common problems like lack
of stability, minimal retention, un-esthetic retentive
clasping, and discomfort upon loading.21 The stresses
generated due to such problems may accelerate failure or
even collapse of the denture and its abutment leading to
warping of the base. Therefore, analyzing the stress dis-
tribution within distal extension RPDs represents a ne-
cessity to examine the various attachment systems being
used and the stresses that are transmitted to the whole
structure. The current study used the finite element method
to quantify numerically the values of the von Mises stress
produced in different areas of lower class II mandibular

Figure 4. Distribution of equivalent von Mises stress pattern under the application of unilateral vertical load in A: Co-Cr RPD model,
B: Ti RPD model.

Figure 5. Distribution of maximum von Mises stress in different RPD frameworks under vertical unilateral loading condition; A: Co-Cr
RPD model, B: Ti RPD model.
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means of the ANSYS workbench software, which was run
on a high-performance personal computer, and stress
analysis for each model was obtained. Quantities such as
von Mises stress (equivalent tensile stress), minimum
principal, and maximum principal are used to predict the
effect of loading forces on the RPDmodels or the prosthesis
structure.

Results

Maximum von Mises stresses in the RPD and its under-
lying supporting structures (mandibular bone, supporting

mucosa, and principle abutment teeth) were calculated
and evaluated in both RPD models under two loading
directions to show the criticality and disposition to col-
lapse of the considered structures. The stress contours for
the whole structure considered in this study are shown in
Figure 4.

For the case of the vertical unilateral loading condition,
the distribution of the resulting von Mises stress of the
two RPD models is shown in Figure 5. It is clear that the
highest level of von Mises stress (479.27 MPa) was de-
ducted in the Co-Cr RPD framework, followed by Ti RPD
(416.03 MPa). In both Co-Cr and Ti RPD models, the
maximum stress areas appeared within the bar clasp. For
both models, the von Mises stress values in principle
abutment of the distal extension side (left 2nd premolar)
and its PDL were higher than the stress values in the
abutments of (right 2nd premolar and right 2nd molar) and
their PDL. The highest stress on the abutments was
produced by the Co-Cr RPD model followed by the Ti
RPD, with a difference of 49 MPa in stress values of the
two cases. In all models, the maximum stress concen-
tration location in the right 2nd premolar appeared within
the enamel portion in the distal side of the crown, while
the maximum stress concentration area in the associated
PDL appeared in the region down the coronal part of the
PDL as shown in Figure 6.

Considering the underlying bone and supporting mu-
cosa, higher von Mises stress appeared in the cortical bone
as compared to spongy bone and supporting mucosa under
the two RPD models. More specifically, maximum stress
concentration in the cortical and spongy bone under both
Co-Cr and titanium RPDs appeared in the buccal shelf area.
Concerning supporting mucosa, the same stress pattern was
recorded in both Co-Cr and Titanium RPD models and the
maximum stress area appeared in the distobuccal part of the
distal extension side of the ridge. The distribution of the
equivalent von Mises stress in the cortical bone, spongy
bone, and the supporting mucosa of the two RPD models
under the vertical unilateral loading condition are shown in
Figures 7–9.

For the case of the unilateral lateral oblique (LO) loading
condition, Figure 10 shows the maximum von Mises stress
values in different parts of the two RPD models and their
distribution. The stress values are slightly less than the case
of vertical loading in which a higher stress value was in-
dicated in the case of the Co- Cr RPD framework
(353.56 MPa), followed by the Ti RPD (286.1 MPa). The

Table 1. Young’s modulus and Poisson’s ratios applied in the FEA.

Materials Young’s modulus (MPA) Poisson’s ratio References

Enamel 84,000 0.30 22,28
Dentine 18.300 0.30 22,28
Periodontal ligament 68.9 0.45 22,28
Spongy bone 1370 0.30 22,28
Cortical bone 13,700 0.30 22,28
Mucosa 19.6 0.37 22,28
Acrylic resin denture base 2650 0.35 22,28
Cobalt chromium 218,000 0.33 29,30
Commercially pure titanium 103,000 0.34 29,30

Figure 2. Mesh generation of the 3D FEA model.

Figure 3. Loading pattern (red arrows) and boundary conditions
(green regions).
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behavior to that of gold alloys. This property would allow
the retentive clasp arms of RPDs to be placed in deeper
undercuts on abutments than is possible with Co-Cr.
Therefore, Titanium and Titanium alloys, despite the evi-
dence of casting defects, are more suitable materials for the
fabrication of clasps for RPDs, especially for situations
involving deep undercuts. This characteristic is also useful

in clinical conditions where esthetics or periodontal health
is of essential interest.4,31 Regardless of the value of the
stress, the location of maximum stress concentration in both
Co-Cr and Ti RPDs was within the bar clasp. This is possibly
related to the design configuration of the bar clasp with limited
surface area and mechanically this area represents an area of
combined stress, tension, and bending. Higher von Mises

Table 2. Equivalent von Mises stress (MPa) in RPD appliance, principle abutment teeth, mandible bone, and mucosa during application of
vertical and lateral oblique load in both RPD models.

Stress of two RPD models (Mpa) Appliance

Principle abutments Mandible bone

MucosaLeft premolar Right premolar Right molar Cortical Spongy

Co/Cr RPD Vertical load 479.27 84.95 285.82 6.97 10.30 1.69 0.69
Lateral oblique load 353.56 89.40 256.63 11.31 22.58 1.93 0.88

Ti RPD Vertical load 416.03 69.45 209.04 5.93 9.78 1.42 0.73
Lateral oblique load 286.1 84.90 204.75 7.82 22.26 1.94 0.99

Figure 8. Distribution of maximum von Mises stress in spongy bone in different models unilateral vertical loading condition; A: Co-Cr RPD
model, B: Ti RPD model.

Figure 9. Distribution of maximum von Mises stress in supporting mucosa in different models under unilateral vertical loading condition;
A: Co-Cr RPD model, B: Ti RPD model.
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distal extension RPDs using two different metallic RPDs
constructed from CP Ti and Co-Cr base materials. The
stress was analyzed in this study under a unilateral load
that assumed mastication in both vertical and lateral ob-
lique directions.

The results of the FEA showed that in both loading
directions the highest von Mises stress appeared in the Co-
Cr RPD framework as compared to the Titanium RPD. This

could be explained through the stiffness and rigidity of
Co-Cr material that enables it to bear most of the exerted
masticatory force. Lower levels of stress were found in the
Ti RPD framework as compared to the Co-Cr RPD
framework. This finding is consistent with that of Park
et al.,30 as they found the lowest von Mises stress values in
CP Ti clasp when compared to a Co-Cr clasp. CP Ti has
higher resiliency than Co-Cr alloy, and that approximates its

Figure 6. Distribution of maximum von Mises stress in principle abutment teeth and the associated PDL in different models under
unilateral vertical loading condition; A: Co-Cr RPD model, B: Ti RPD model.

Figure 7. Distribution of maximum von Mises stress in cortical bone in different models under unilateral vertical loading condition; A: Co-
Cr RPD model, B: Ti RPD model.
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stress was analyzed in this study under a unilateral load
that assumed mastication in both vertical and lateral ob-
lique directions.

The results of the FEA showed that in both loading
directions the highest von Mises stress appeared in the Co-
Cr RPD framework as compared to the Titanium RPD. This

could be explained through the stiffness and rigidity of
Co-Cr material that enables it to bear most of the exerted
masticatory force. Lower levels of stress were found in the
Ti RPD framework as compared to the Co-Cr RPD
framework. This finding is consistent with that of Park
et al.,30 as they found the lowest von Mises stress values in
CP Ti clasp when compared to a Co-Cr clasp. CP Ti has
higher resiliency than Co-Cr alloy, and that approximates its
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Mucosa and instead it was assumed as an elastic body
keeping in mind that the elastic behavior is adopted by
previous literature. The same was used for the Enamel part
which is an anisotropic material. The finite element can
enhance its prediction for complex geometries such as the

one analyzed here if precise material behavior was assigned,
and accurate boundary conditions were applied.

In this work, the investigation of the mechanical stresses
in the RPD and its underlying supporting structures, for
both soft and hard structure, is very important in both

Figure 12. Distribution of maximum von Mises stress in principle abutment teeth and associated PDL in different models under unilateral
lateral oblique loading condition; A: Co-Cr RPD model, B: Ti RPD model.

Figure 13. Distribution of maximum vonMises stress in cortical bone in different models under unilateral lateral oblique loading condition;
A: Co-Cr RPD model, B: Ti RPD model.
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stress appeared in cortical bone than spongy bone under both
RPDs in both loading directions. This is due to the difference
in the biological and mechanical characteristics of these two
types of bone: the cortical bone is a dense bone with elastic
modulus which is about 10 times that of the spongy bone and
the cortical bone could, therefore, bear most of the loads
transmitted from the occlusion. A similar finding was obtained
by Gharechahi et al.32,33.

The localization of stress in the underlying bone and
supporting mucosa in both Co-Cr and Ti RPD models were
located in the distal extension side, and this could be related
to the unilateral load application in the present study. On the
distal extension side of the model, the stress will be con-
centrated under the applied load especially in the vertical
load direction. The terminal abutment of the distal ex-
tension side (right 2nd premolar) carried the highest stress
value under both RPDs models in both loading directions.
This can be explained by the rotational movement of the
distal extension RPD around the fulcrum line passing
through the most posterior abutments when forces are
applied to the artificial teeth attached to the extension base.

Differences in displaceability of the periodontal ligament
of the supporting abutment teeth and soft tissue covering
the residual ridge permit this rotation. Even though the
actual movement of the denture may be small, a lever force
may be imposed on terminal abutment teeth thus in-
creasing the stress on the terminal abutment.34 The results
revealed that higher stress values appeared in the under-
lying bone and supporting mucosa under the lateral ob-
lique load direction than under the vertical load. More
particularly, in the cortical bone, the lateral component of
force acted perpendicularly to the long axes of the
supporting structures, bone, mucosa, tooth and PDL,
yielding a combination of both compressive and tensile
stresses in them. This finding is consistent with that of
Wang et al.35 who compared the effect of rigid and nonrigid
exrtracoronal attachment in distal extension RPDs on the
alveolar bone and abutment tooth PDL; they found that
loading along the buccolingual direction had the greatest
effect on the supporting structures. Here it is important to
mention some of the current model limitations such as the
model did not consider the viscoelastic behavior of parts like

Figure 10. Distribution of equivalent von Mises stress pattern under the application of unilateral lateral oblique load in A: Co-Cr RPD
model, B: Ti RPD model.

Figure 11. Distribution of maximum von Mises stress in different RPD frameworks under unilateral lateral oblique loading condition; A:
Co-Cr RPD model, B: Ti RPD model.
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applied to the artificial teeth attached to the extension base.

Differences in displaceability of the periodontal ligament
of the supporting abutment teeth and soft tissue covering
the residual ridge permit this rotation. Even though the
actual movement of the denture may be small, a lever force
may be imposed on terminal abutment teeth thus in-
creasing the stress on the terminal abutment.34 The results
revealed that higher stress values appeared in the under-
lying bone and supporting mucosa under the lateral ob-
lique load direction than under the vertical load. More
particularly, in the cortical bone, the lateral component of
force acted perpendicularly to the long axes of the
supporting structures, bone, mucosa, tooth and PDL,
yielding a combination of both compressive and tensile
stresses in them. This finding is consistent with that of
Wang et al.35 who compared the effect of rigid and nonrigid
exrtracoronal attachment in distal extension RPDs on the
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effect on the supporting structures. Here it is important to
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research and clinical practice, since understanding the effect
of the RPD geometry and its material properties in me-
chanical stresses distribution and deformation values and
shape will improve the design of RPD and should help in
the prediction of the fracture location.

Conclusions

The following conclusions can be drawn from the present
study:

· Finite element stress analysis showed lower levels of
stress within Titanium bar clasps as compared to Co-Cr,
indicating the longevity and suitability of Ti clasps.

· Higher stress appeared in cortical bone than spongy
bone under both RPD models and the maximum
stress concentration areas were noticed on the distal
extension side.

· Lateral oblique load creates higher stress values in the
underlying bone and supporting structures as com-
pared to vertical load application.

· As future work, the authors recommend performing
non-linear finite element analyses to simulate the
viscoelastic properties of PDL and supportingmucosa.
Onemore thing is studying the effect of different direct
retainers and internal attachment designs on the
stress distribution behavior of underlying support-
ing structures.
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Figure 14. Distribution of maximum von Mises stress in spongy bone in different models under unilateral lateral oblique loading condition;
A: Co-Cr RPD model, B: Ti RPD model.

Figure 15. Distribution of maximum von Mises stress in supporting mucosa in different models under unilateral vertical loading condition;
A: Co-Cr RPD model, B: Ti RPD model.
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Conclusions
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study:

· Finite element stress analysis showed lower levels of
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bone under both RPD models and the maximum
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· Lateral oblique load creates higher stress values in the
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· As future work, the authors recommend performing
non-linear finite element analyses to simulate the
viscoelastic properties of PDL and supportingmucosa.
Onemore thing is studying the effect of different direct
retainers and internal attachment designs on the
stress distribution behavior of underlying support-
ing structures.
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Figure 14. Distribution of maximum von Mises stress in spongy bone in different models under unilateral lateral oblique loading condition;
A: Co-Cr RPD model, B: Ti RPD model.

Figure 15. Distribution of maximum von Mises stress in supporting mucosa in different models under unilateral vertical loading condition;
A: Co-Cr RPD model, B: Ti RPD model.
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