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Objectives. Tis study aimed to assess stress distribution in 5-unit fxed partial dentures (FPDs) with a pier abutment and rigid
(RC) and nonrigid connectors (NRCs) with the canine rise and group function occlusal schemes by fnite element analysis (FEA).
Materials and Methods. In this FEA study, a geometrical model of the maxilla with natural teeth and periodontal ligament (PDL)
was three-dimensionally designed and meshed by ANSYS and Pro/Engineer software programs. A 5-unit FPD was then designed
to replace the lost frst premolar and frst molar teeth; the second premolar served as a pier abutment, and the canine and second
molar served as terminal abutments. Two FPDs were designed with RC and NRC. Each FPDwas analyzed with the canine rise and
group function occlusal schemes (a total of 4 models). Te frst and second molars (180N), premolars (120N), and canine (80N)
teeth were subjected to progressive vertical and oblique (12-degree) loads, and maximum von Mises stress and strain in teeth and
connectors were calculated for each model. Results. Te models had 73704 elements and 137732 nodes. Te connector design and
occlusal scheme had signifcant efects on stress distribution in FPDs. Te highest von Mises stress (73.035MPa) was recorded in
FPD with RC and group function occlusal scheme. Te lowest von Mises stress (0.004MPa) was recorded in FPD with NRC and
canine rise occlusal scheme. Conclusion. Oblique forces created greater stress, and FPD with NRC and canine rise occlusal scheme
decreased stress in FPD and increased stress in the tooth crown.

1. Introduction

Considering the high prevalence of partial and complete
edentulism in adults, replacement of the lost teeth is
a common task for dental clinicians [1]. Some partially
edentulous patients require the replacement of the lost teeth
with fxed partial dentures (FPDs) with a pier abutment [2].
A Pier abutment is a natural tooth located between two
edentulous spaces and terminal abutments, which supports
an FPD. For instance, the second premolar can serve as a pier

abutment when the frst premolar and frst molar teeth are
lost [3]. Obviously, the optimal function of FPDs depends on
balanced stress distribution in the pier abutment and ter-
minal abutments.

Rigid connectors (RCs) are commonly used for FPDs [1].
When occlusal loads are applied to the connectors, the pier
abutment can serve as a support, and result in debonding of
the terminal abutment with lower retention, leading to
restoration fracture and treatment failure [2]. Tus, FPDs
with RCsmay not be an appropriate treatment option for the
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replacement of two lost teeth with one pier abutment, be-
causeTe amount of load applied to the anterior part may be
diferent from the posterior part, causing the destruction of
the prosthesis, tooth decay, pulp irritation, and ultimately
the need for root canal treatment, causing prolonged pain
and discomfort to the patient [4–12]. Also, failure may occur
due to diferences in the physiological mobility of the teeth in
the anterior and posterior regions [13]. Tus, nonrigid
connectors (NRCs) have been proposed to decrease the risk
of failure [2, 14]. NRCs transfer stress to the supporting bone
instead of its concentration in the connector [15]. However,
NRCs have drawbacks as well, such as greater bone loss
around the pier abutment, higher cost, and requiring
a longer time for fabrication [16].

Occlusion is a highly debated topic in the fabrication of
FPDs. In lateral movements of the mandible, the mandibular
posterior teeth come out of centric occlusion with the op-
posing teeth. Tis movement is guided by the condyle in the
posterior region and follows a lateral downward path in the
anterior region as dictated by the anterior guidance [17, 18].
Te dental occlusal scheme is conventionally divided into
four groups anterior guidance, canine rise, partial group
function, and group function. In the canine rise occlusal
scheme, only the maxillary and mandibular canine teeth are
in contact in lateral excursive movements while in group
function, only the posterior teeth are allowed to be in contact
during lateral movements, and at least canine and two
premolars at the working side should be in contact with the
opposing teeth [19]. Sidana [17] and other supporters of the
group function occlusal scheme believe that occlusal wear in
this scheme is a compensatory coping mechanism that re-
sults in optimal stress distribution for an appropriate
functional relationship [17].

Clinical assessment of stress concentrated in prosthetic
components or transferred to the supporting tissue is almost
impossible. However, since the success of prosthetic restora-
tions is infuenced by biomechanical properties, measurement
of these stresses is critical [2, 20]. Photo-elastic models are
important tools for the assessment of stress distribution in
diferent systems. Nonetheless, thesemodels aremade of plastic
material, and cannot precisely simulate the biological behavior
of tissues.Tus, the pattern of stress distribution in the enamel,
dentin, and pulp, and the nonlinear behavior of the periodontal
ligament cannot be simulated. Finite element analysis (FEA)
provides new insight into tooth biomechanics, and can three-
dimensionally simulate the behavior of many dental structures
with diferent shapes and properties under diferent loading
conditions [2]. Fathi et al. [2] evaluated stress distribution in
a 5-unit FPD with a pier abutment under constant and pro-
gressive loads. Tey designed FPDs with RC and NRC and
applied vertical and oblique loads to them. Tey showed
diferent patterns of stress distribution under vertical and
oblique loads and revealed that NRC decreased stress in res-
toration and increased stress in crestal bone. Oruc et al. [21]
used FEA to assess stress distribution in a 5-unit FPD with pier
abutment and RC and NRC. Te second molar and canine
teeth served as terminal abutments, and the second premolar
served as a pier abutment with a mesial and distal connector.
Tey showed that NRC at the distal of the second premolar

resulted in less stress concentration following the application of
50N static load to the cusps. Jiang et al. [22] assessed the
durability of two resin-bonded FPDs with RC and NRC by the
wear test. Te frst premolar and second molar teeth served as
abutments for 4-unit FPDs. NRCwas placed at the distal of the
frst premolar. Te models underwent thermal cycles and
mechanical loading. Te results showed that NRC decreased
the stress between tooth and wing since it allowed independent
movement of the two separate prosthetic components, and
increased the durability and clinical service of FPD. Although
some articles suggest the application of new materials for force
distribution in the dental prosthesis, changes in the design of
the prosthesis can also be important in this distribution [23].

Implant-tooth-supported fxed partial prostheses can
cause changes in marginal bone loss under the efect of
changes of occlusal forces [24] and the available studies on
stress distribution in 5 unit FPDs with a pier abutment and
RC and NRC did not address the role of diferent occlusal
schemes in stress distribution. In addition, the fnite element
articles on this subject exclusively examine the restoration of
the mandible, but the direction of the occlusal forces in the
maxilla and mandible is diferent [25]. Tus, this study
aimed to assess stress distribution in maxillary 5-unit FPDs
with a pier abutment and RC and NRC with the canine rise
and group function occlusal schemes by FEA.

2. Materials and Methods

In this FEA study, a geometrical model of the maxilla was
designed by ANSYS (ANSYS Inc.; Houston, TX, USA) and
Pro/Engineer (Parametric Technology Corporation, USA)
software programs. Approval was obtained from the Isfahan
University of Medical Sciences ethics committee
(IR.MUI.RESEARCH.REC.1400.344).

2.1. Modeling in Mimics and 3Matic Software Programs.
Te bone, teeth, metal framework, and connectors were
modeled in Mimics and 3Matic software programs. For this
purpose, cone-beam computed tomography scans with 1mm
slice interval were imported to Mimics. A 3D model of the
maxillary canine, frst and second premolar, and frst and
second molar is simulated based on the information obtained
from Wheelers’s dental anatomy, physiology, and occlusion
[26, 27]. External shapes of the roots were generated from the
textbook [27]. A cement-retained Straumann CARES titanium
abutment with a gingival height of 1.5mm and a Straumann
bone level tapered (BLT) implant with a diameter of 4.1mm
and a height of 10mm were designed and positioned in the
maxillary canine site. Te implant was presumed to be com-
pletely osseointegrated. Te tooth was prepped conventionally
for a PFM restoration. Te crowns were composed of Ni-Cr
alloy and porcelain and zinc phosphate cement used for both
the tooth and implant. Te segmentation tool was used to
create masks for the teeth, maxilla, and PDL, and then Cal-
culate 3D feature was used to design a 3D model of the
components. All components were then exported in STL
format and converted to STP format in Geomagic software by
reverse engineering.
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2.2. Analysis in ANSYS Software. After the conversion of all
geometries to STP format, they were imported to ANSYS
software.

Te designed geometrical model had natural teeth, PDL,
and maxillary bone three-dimensionally. Te model was
then meshed in the software and the mechanical properties
of the materials were also uploaded for stress analysis. In
FEM analysis, the stress distribution is commonly specifed
as vonMises stress, which could bemaximum andminimum
principal stress or principal strain. A formula is used to
calculate the von Mises stress in three planes: the x-axis, the
y-axis, and the z-axis. A 5-unit FPD was designed for the
replacement of a lost frst premolar and frst molar. Te
second premolar served as a pier abutment, and the canine
and second molar teeth served as terminal abutments. Two
FPDs were simulated one with RC and the other one with
NRC. To simulate NRCs, Shillingburg’s dovetail design was
used on the distal surface of the pier abutment. Next, each
designed model was analyzed with two diferent occlusal
schemes, namely canine rise and group function (a total of 4
models).

2.3. Boundary Conditions for Canine Rise Occlusal Scheme.
To simulate the canine rise occlusal scheme, an 80N load
was applied to the canine tooth frst vertically, and then with
12-degree angulation. Te upper surface of the maxilla
was fxed.

2.4. Boundary Conditions for Group Function Occlusal
Scheme. Loads equal to 80N, 120N, 120N, 180N, and
180N were applied to the canine, frst premolar, second
premolar, frst molar, and second molar teeth, respectively,
to simulate the group function occlusal scheme. Te loads
were frst applied vertically, and then with 12-degree an-
gulation. Te upper surface of the maxilla was fxed [2].

2.5.Meshing. Te total number of elements of themodel was
73,704 tetrahedral elements, and the total number of nodes
was 137,372 nodes. All materials were considered homo-
geneous, isotropic, and linearly elastic.

2.6. Sensitivity Analysis of Meshing. A sensitivity analysis
curve was drawn to ensure the independence of results from
the size of the meshing and the number of elements. For this
purpose, the number of elements was increased (the size of
elements decreased) and the vonMises stress value was read.
Te stress (MPa) curve was drawn based on the number of
elements. Te curve became fat when the number of ele-
ments reached 73,704.Tus, this value was considered as the
optimal number of elements for meshing.

2.7. Properties of the Materials. Table 1 presents the me-
chanical properties of the materials used in this study
according to the available literature [2, 28].

Next, maximum von Mises stress, maximum shear
stress, maximum von Mises strain, and maximum shear

strain around the teeth and connectors were calculated for
the four models and compared.

3. Results

3.1. FPD with NRC and Canine Rise Occlusal Scheme
(Figure 1). Table 2 presents the von Mises stress and strain
values in FPD with NRC and canine rise occlusal scheme.

3.2. FPD with NRC and Group Function Occlusal Scheme
(Figure 2). Table 3 presents the von Mises stress and strain
values in FPD with NRC and group function occlusal
scheme.

3.3. FPDwith RC andCanine Rise Occlusal Scheme (Figure 3).
Table 4 presents the von Mises stress and strain values in
FPD with RC and canine rise occlusal scheme.

3.4. FPD with RC and Group Function Occlusal Scheme
(Figure 4). Table 5 presents the von Mises stress and strain
values in FPD with RC and group function occlusal scheme.

4. Discussion

According to Badwaik and Pakhan [26] each restoration
should be able to withstand functional and parafunctional
forces applied in the oral cavity. Tis factor should be taken
into account in the fabrication of FPDs. If the loads applied
to dental abutments exceed the physiological tolerance
threshold of the supporting bone, they can cause bone loss
and lead to treatment failure [29]. Tus, the treatment plans
should include strategies to minimize such stresses. FEA can
greatly help in this regard [30]. Tis study assessed stress
distribution in 5-unit FPDs with a pier abutment and RC
and NRC with the canine rise and group function occlusal
schemes by FEA. Te results showed that connector design
had a signifcant efect on stress distribution in 5-unit FPD
with pier abutment. Te use of NRCs slightly decreased the
level of stress in FPD at the site of connector attachment and
cervical margin of restoration but increased the stress at the
level of alveolar bone. According to Misch [31], in con-
ventional FPDs, the male part of NRC is usually at the mesial
surface of the posterior artifcial tooth while the female part
is located at the distal of the natural tooth abutment; this
design prevents mesial movement of the connector [31].

Table 1: Mechanical properties of the materials used in this study.

Component Young’s modulus
(MPa)

Poisson’s
ratio

Cortical bone 13700 0.3
Cancellous bone 1370 0.3
Cobalt-chromium metal
framework 206000 0.33

Porcelain 82800 0.35
PDL 69 0.45
Tooth 18000 0.33
Nonrigid connector 110000 0.33
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B: Non Rigid CanineRise T3
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
8/18/2021 3:06 PM

0.021515 Max
0.006738
0.0021102
0.00066087
0.00020697
6.4819e-5
2.03e-5
6.3575e-6
1.991e-6
6.2355e-7 Min

(a)

B: Non Rigid CanineRise T3
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:06 PM

284.45 Max
70.869
17.657
4.3992
1.0961
0.27308
0.068037
0.016951
0.0042234
0.0010522 Min

(b)

B: Non Rigid CanineRise T3
Equivalent Elastic Strain 2
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
8/18/2021 3:07 PM

0.00061116 Max
0.00054342
0.00047568
0.00040795
0.00034021
0.00027248
0.00020474
0.000137
6.9266e-5
1.5294e-6 Min

(c)

B: Non Rigid CanineRise T3
Equivalent Stress 2
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:07 PM

10.652 Max
5.3259
2.663
1.3315
0.66575
0.33288
0.16644
0.083221
0.041611
0.020806 Min

(d)

B: Non Rigid CanineRise T3
Shear Stress 
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
8/18/2021 3:07 PM

1.382 Max
1.0866
0.7911
0.49565
0.2002
-0.095255
-0.39071
-0.68616
-0.98161
-1.2771 Min

(e)

B: Non Rigid CanineRise T3
Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
8/18/2021 3:08 PM

0.0035111 Max
0.003121
0.002731
0.0023409
0.0019509
0.0015608
0.0011708
0.00078072
0.00039067
6.2355e-7 Min

(f)

B: Non Rigid CanineRise T3
Shear Elastic Strain 2
Type: Shear Elastic Strain (XY Plane)
Unit: mm/mm
Global Coordinate System
Time: 2
8/18/2021 3:08 PM

0.0010226 Max
0.00076549
0.00050837
0.00025126
-5.86e-6
-0.00026298
-0.00052009
-0.00077721
-0.0010343
-0.0012914 Min

(g)

B: Non Rigid CanineRise T3
Equivalent Stress 3
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:08 PM

284.45 Max
106.92
40.189
15.106
5.6782
2.1344
0.80227
0.30156
0.11335
0.042607 Min

(h)
Figure 1: Continued.
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B: Non Rigid CanineRise T3
Shear Stress 2
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
8/18/2021 3:08 PM

31.36 Max
23.475
15.59
7.7052
-0.17971
-8.0646
-15.95
-23.834
-31.719
-39.604 Min

(i)

B: Non Rigid CanineRise T3
Equivalent Elastic Strain 4
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
8/18/2021 3:09 PM

0.00044011 Max
0.00039129
0.00034247
0.00029365
0.00024483
0.00019601
0.00014718
9.8362e-5
4.954e-5
7.1875e-7 Min

(j)

B: Non Rigid CanineRise T3
Equivalent Stress 4
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:09 PM

88.36 Max
40.11
18.207
8.265
3.7518
1.7031
0.77309
0.35093
0.1593
0.072313 Min

(k)

B: Non Rigid CanineRise T3
Shear Stress 3 
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
8/18/2021 3:09 PM

9.211 Max
4.8813
0.55161
-3.7781
-8.1078
-12.438
-16.767
-21.097
-25.427
-29.756 Min

(l)

B: Non Rigid CanineRise T3
Equivalent Elastic Strain 5
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
8/18/2021 3:09 PM

0.00030786 Max
0.00027433
0.00024081
0.00020728
0.00017375
0.00014022
0.00010669
7.3163e-5
3.9635e-5
6.1062e-6 Min

(m)

B: Non Rigid CanineRise T3
Equivalent Stress 5
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:10 PM

32.197 Max
19.783
12.156
7.4688
4.5891
2.8197
1.7325
1.0645
0.65409
0.40189 Min

(n)

B: Non Rigid CanineRise T3
Shear Stress 4
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
8/18/2021 3:10 PM

7.2608 Max
5.9167
4.5727
3.2287
1.8847
0.54067
-0.80335
-2.1474
-3.4914
-4.8354 Min

(o)

B: Non Rigid CanineRise T3
Equivalent Elastic Strain 6
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
8/18/2021 3:10 PM

0.00014097 Max
0.0001258
0.00011062
9.545e-5
8.0276e-5
6.5103e-5
4.993e-5
3.4757e-5
1.9584e-5
4.4103e-6 Min

(p)
Figure 1: Continued.
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With respect to stress and strain distribution in the
abutments, the highest von Mises stress in the abutments
(32.927MPa) was noted on the buccal surface of the second
premolar in both RC and NRC while minimum von Mises
stress (0.0208MPa) was recorded on the occlusal surface of
second molar in FPD with NRC and canine rise occlusal
scheme. Comparison of stress distribution in diferent de-
signs showed high-stress concentration in the connectors
and cervical part of the abutments, particularly the pier
abutment. Stress concentration was recorded on root

surfaces and the apical part. Nonetheless, NRC decreased the
level of stress. Tis was specifcally true when an NRC was
placed at the distal of the pier abutment and decreased
maximum stress concentration in the pier abutment. Tis
design caused no stress accumulation in the anterior
abutment with posterior loading, and vice versa. Tis
fndingmay indicate the role of NRC in the prevention of the
lever efect in a 5-unit FPD. Also, the stress level of the
second molar was lower than that of the pier abutment and
canine tooth, which may be explained by the larger

B: Non Rigid CanineRise T3
Equivalent Stress 6
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:11 PM

15.216 Max
9.6711
6.1469
3.9069
2.4832
1.5783
1.0032
0.63762
0.40527
0.25758 Min

(q)

B: Non Rigid CanineRise T3
Shear Stress 5
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
8/18/2021 3:11 PM

4.8873 Max
3.8748
2.8623
1.8497
0.83725
-0.17526
-1.1878
-2.2003
-3.2128
-4.2253 Min

(r)

Figure 1: FPD with NRC and canine rise occlusal scheme: (a) strain distribution in the entire model, (b) vonMises stress distribution in the
entire model, (c) strain distribution in abutments, (d) von Mises stress distribution in abutments, (e) shear stress distribution in abutments,
(f ) strain distribution in FPD, (g) strain distribution in FPD, (h) von Mises stress distribution in FPD, (i) shear stress distribution in FPD,
(j) strain distribution in the metal framework, (k) von Mises stress distribution in the metal framework, (l) shear stress distribution in the
metal framework (m) strain distribution in the connector, (n) von Mises stress distribution in the connector, (o) shear stress in the
connector, (p) strain distribution in the connector, (q) von Mises stress distribution in the connector, and (r) shear stress distribution in the
connector.

Table 2: Von Mises stress (MPa) and strain values in FPD with NRC and canine rise occlusal scheme.

Variable Component Maximum
value

Location of
maximum value

Minimum
value

Location of
minimum value

Stress

Entire model 17.657 Te mesial surface of the frst premolar and
the distal surface of the canine 0.004 Te occlusal surface of the

second molar

Tooth 5.3259 Te buccal surface of the canine 0.0208 Te occlusal surface of the
second molar

FPD 40.189 Te mesial surface of the frst premolar and
the distal surface of the canine 0.0426 Te occlusal surface of the

second molar
Metal

framework 40.11 Te mesial surface of the frst premolar and
the distal surface of the canine 0.1593 Te occlusal surface of the

second molar

Connector 15.216 Te mesial surface of the connector 1.06 Te distal superior surface of the
connector

Strain

Entire model 0.006 Te distal surface of the canine and mesial
surface of the frst premolar 1.991 Te occlusal surface of the

second molar

Tooth 0.0002 Te lingual surface of the canine 1.529 Te occlusal surface of the
second molar

FPD 0.007 Te lingual surface of the canine 6.235 Te occlusal surface of the frst
and second molars

Metal
framework 0.0003 Te distal surface of the second premolar 7.187 Te occlusal surface of the frst

and second molars

Connector 0.0002 Te buccal inferior surface of the connector 3.963 Te lingual superior surface of
the connector
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E: Non Rigid GroupFunction All Teeth
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 8:13 PM

0.062004 Max
0.055115
0.048226
0.041338
0.034449
0.02756
0.020671
0.013782
0.0068933
4.4622e-6 Min

(a)

E: Non Rigid GroupFunction All Teeth
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 8:14 PM

1021.4 Max
263.33
67.888
17.502
4.512
1.1632
0.29988
0.077311
0.019931
0.0051383 Min

(b)

E: Non Rigid GroupFunction All Teeth
Equivalent Elastic Strain 2
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 8:14 PM

0.0033463 Max
0.0029766
0.0026069
0.0022373
0.0018676
0.0014979
0.0011283
0.00075858
0.00038891
1.924e-5 Min

(c)

E: Non Rigid GroupFunction All Teeth
Equivalent Stress 2
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 8:15 PM

58.586 Max
32.501
18.031
10.003
5.5491
3.0784
1.7078
0.94741
0.52559
0.29158 Min

(d)

E: Non Rigid GroupFunction All Teeth
Shear Stress 
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 1
9/11/2021 8:15 PM

2.6169 Max
1.9432
1.2696
0.59595
-0.077684
-0.75132
-1.425
-2.0986
-2.7722
-3.4459 Min

(e)

E: Non Rigid GroupFunction All Teeth
Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 8:15 PM

0.011584 Max
0.010298
0.0090119
0.0077258
0.0064398
0.0051537
0.0038677
0.0025817
0.0012956
9.5695e-6 Min

(f)
E: Non Rigid GroupFunction All Teeth
Equivalent Stress 3
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 8:16 PM

941.57 Max
394.09
164.94
69.035
28.894
12.093
5.0616
2.1185
0.88668
0.37111 Min

(g)

E: Non Rigid GroupFunction All Teeth
Shear Stress 2 
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
9/11/2021 8:16 PM

155.98 Max
115.13
74.283
33.435
-7.4138
-48.262
-89.11
-129.96
-170.81
-211.66 Min

(h)
Figure 2: Continued.
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E: Non Rigid GroupFunction All Teeth
Equivalent Elastic Strain 4
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 8:17 PM

0.0051404 Max
0.0045714
0.0040023
0.0034333
0.0028643
0.0022952
0.0017262
0.0011572
0.00058813
1.9098e-5 Min

(i)

E: Non Rigid GroupFunction All Teeth
Equivalent Stress 4
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 8:17 PM

1021.4 Max
510.96
255.6
127.86
63.959
31.994
16.005
8.006
4.0048
2.0034 Min

(j)

E: Non Rigid GroupFunction All Teeth
Shear Stress 3 
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
9/11/2021 8:18 PM

85.49 Max
52.551
19.612
-13.327
-46.266
-79.205
-112.14
-145.08
-178.02
-210.96 Min

(k)

E: Non Rigid GroupFunction All Teeth
Equivalent Elastic Strain 5
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 8:18 PM

0.0029274 Max
0.0026048
0.0022823
0.0019597
0.0016371
0.0013145
0.00099195
0.00066937
0.0003468
2.4223e-5 Min

(l)

E: Non Rigid GroupFunction All Teeth
Equivalent Stress 5
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 8:19 PM

322.01 Max
183.72
104.82
59.802
34.119
19.466
11.106
6.3362
3.615
2.0625 Min

(m)

E: Non Rigid GroupFunction All Teeth
Shear Stress 4 
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
9/11/2021 8:19 PM

49.835 Max
39.279
28.723
18.167
7.6115
-2.9444
-13.5
-24.056
-34.612
-45.168 Min

(n)

E: Non Rigid GroupFunction All Teeth
Equivalent Elastic Strain 6
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 8:19 PM

0.0027214 Max
0.0024216
0.0021218
0.0018221
0.0015223
0.0012225
0.00092269
0.00062291
0.00032312
2.3329e-5 Min

(o)

E: Non Rigid GroupFunction All Teeth
Equivalent Stress 6
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 8:20 PM

290.48 Max
164.73
93.419
52.977
30.043
17.037
9.6617
5.4791
3.1072
1.7621 Min

(p)
Figure 2: Continued.
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periodontal area of the molar tooth compared with canine
[32, 33] which may improve stress distribution as explained
by Oruc et al. [21].

With respect to stress and strain distribution in FPDs,
the highest von Mises stress value (63.959MPa) was
recorded on canine tooth crown in the use of NRC with
group function occlusal scheme while the lowest von Mises
stress (0.0426MPa) was recorded on the occlusal surface of
the second molar crown in use of NRC and canine rise
occlusal scheme. In the present study, FPDs were subjected
to progressive loads to simulate the mean masticatory forces
applied in vivo. Te present results were in agreement with
those of Yoda et al. [34] who reported higher occlusal forces

in the posterior region. According to their study, 180N load
was applied to molar teeth, 120N to premolars, and 80N to
the canine tooth in the present study. Tis type of loading
was practiced to more precisely simulate the masticatory
forces applied to restorations in the clinical setting [20].

With respect to stress and strain distribution in the
connectors, the maximum von Mises stress value
(59.802MPa) in NRCs was recorded in FPD with group
function occlusion, and the minimum value (1.06MPa) was
noted in canine rise occlusion. Te present results showed
minimum stress in NRC with posterior loading condition,
which was in line with previous fndings [14, 25]. Ferencz
[35] reported that resin-bonded FPDs with NRCs enabled

E: Non Rigid GroupFunction All Teeth
Shear Stress 5 
Type: Shear Stress (XY Plane)
Unit: MPa
Global Coordinate System
Time: 2
9/11/2021 8:20 PM

22.36 Max
17.997
13.634
9.2708
4.9075
0.5443
-3.8189
-8.1822
-12.545
-16.909 Min

(q)

Figure 2: FPDwith NRC and group function occlusal scheme: (a) strain distribution in the entire model, (b) vonMises stress distribution
in the entire model, (c) strain distribution in abutments, (d) von Mises stress distribution in abutments, (e) shear stress distribution in
abutments, (f ) strain distribution in FPD, (g) von Mises stress distribution in FPD, (h) shear stress distribution in FPD, (i) strain
distribution in the metal framework, (j) von Mises stress distribution in the metal framework, (k) shear stress distribution in the metal
framework, (l) strain distribution in the connector, (m) von Mises stress distribution in the connector, (n) shear stress distribution in the
connector, (o) strain distribution in the connector, (p) von Mises stress distribution in the connector, and (q) shear stress distribution in
the connector.

Table 3: Von Mises stress (MPa) and strain values in FPD with NRC and group function occlusal scheme.

Variable Component Maximum
value

Location of
maximum value

Minimum
value

Location of
minimum value

Stress

Entire model 67.888 Te distal surface of the second premolar and
the mesial surface of the frst molar 0.077 Te occlusal surface of the

second molar

Tooth 32.501 Te mesial surface of canine and second
premolar 0.525 Te distal root of the second

molar

FPD 69.035 Te buccal surface of the canine 0.886 Te distal surface of the second
molar

Metal
framework 63.959 Te distal surface of the canine 8.006 Te buccal surface of the

second molar

Connector 59.802 Mesial surface 2.0625 Superior, distal and buccal
surface of the connector

Strain

Entire model 0.020 Te buccal surface of the second premolar 4.462 Te occlusal surface of the
entire FPD

Tooth 0.001 Te buccal surface of the canine and second
premolar 1.924 Te occlusal surface of the

second molar

FPD 0.003 Te distal surface of the canine 9.569 Te occlusal surface of the
entire FPD

Metal
framework 0.001 Te distal surface of the canine 1.909 Te occlusal surface of the

entire framework

Connector 0.001 Te buccal surface of the connector 2.4223 Te distal surface of the
connector
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A: Rigid CanineRise T3
Equivalent Stress 
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:00 PM

240.81 Max
59.665
14.783
3.6629
0.90756
0.22487
0.055716
0.013805
0.0034204
0.00084749 Min

(a)

A:Rigid CanineRise T3
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
8/18/2021 3:01 PM

0.021515 Max
0.006457
0.0019379
0.0005816
0.00017455
5.2386e-5
1.5722e-5
4.7185e-6
1.4161e-6
4.2501e-7 Min

(b)

A: Rigid CanineRise T3
Equivalent Stress 2 
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:01 PM

10.869 Max
5.4222
2.7049
1.3493
0.67311
0.33578
0.1675
0.08356
0.041684
0.020794 Min

(c)

A:Rigid CanineRise T3
Equivalent Elastic Strain 2
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
8/18/2021 3:02 PM

0.0006248 Max
0.00055552
0.00048625
0.00041697
0.00034769
0.00027841
0.00020914
0.00013986
7.0583e-5
1.3063e-6 Min

(d)

A: Rigid CanineRise T3
Shear Stress
Type: Shear Stress (XY Plane)
Unit: MPa

Time: 2
8/18/2021 3:02 PM

Global Coordinate System

1.4388 Max
1.1492
0.85968
0.5701
0.28053
-0.0090476
-0.29862
-0.5882
-0.87777
-1.1673 Min

(e)

A: Rigid CanineRise T3
Equivalent Stress 3
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
8/18/2021 3:03 PM

240.81 Max
84.377
29.565
10.36
3.6299
1.2719
0.44567
0.15616
0.054718
0.019173 Min

(f)

H: Rigid GroupFunction All Teeth
Equivalent Stress 3 
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 7:59 PM

817.17 Max
335.09
137.4
56.344
23.104
9.4741
3.8849
1.5931
0.65324
0.26787 Min

(g)

H: Rigid GroupFunction All Teeth
Shear Stress 2 
Type: Shear Stress (XY Plane)
Unit: MPa

Time: 2
9/11/2021 7:59 PM

Global Coordinate System

155.58 Max
118.82
82.06
45.302
8.5437
-28.214
-64.972
-101.73
-138.49
-175.25 Min

(h)
Figure 3: Continued.
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independent movement of components, and were successful
in the short term. Nonetheless, due to the placement of an
NRC at the mesial surface of the abutment or distal surface
of the anterior abutment, excessive stress concentration
occurs in the anterior terminal abutment. A molar tooth has
a larger periodontal surface than a canine [36] as explained
earlier [37], and it may serve as an advantage for the molar
tooth. Tus, stress concentration in the anterior abutment,
compared with a posterior abutment, is less desirable. Te
present study showed stress concentration in canine with
this particular location of NRC. Considering all the above, it
may be stated with certainty that NRCs can decrease stress at
the connectors and cervical part of FPDs but at the expense
of increased stress in the crown, which subsequently in-
creases the risk of bone loss [38–40]. Te results of FEA are
reported by the von Mises stress values, which indicate the
entire stress in the feld, and are considered as an index for
possible trauma [25]. Since connectors are the site of
maximum stress concentration in FPDs, NRCs are recom-
mended [37, 41], and were simulated in the present study.

Concerning stress and strain distribution in bone,
maximum von Mises stress in bone (73.035MPa) was
recorded in FPDs with RC and group function scheme while
minimum value (0.004MPa) was recorded in FPDs with
NRC and canine rise scheme. Yoda et al. [34] performed
photoelastic analysis on the bone with NRCs and reported
that stress concentration points varied depending on the
location of NRCs. Te present results were in line with their
fndings.Tey also added that FPDs with RCs distributed the
stresses homogenously and vertically, and NRCs located at
the distal surface of the canine and mesial surface of molar
teeth caused uniform stress distribution. Consistent with
their fndings, the present results revealed more uniform
stress distribution in the loading of all teeth in FPDs with
RC. Stress distribution in the use of NRCs located at the
distal surface of the canine and mesial surface of the molar
tooth was similar to the use of RC and group function
loading. RC and NRC have diferences in stress distribution
and concentration in the supporting bone [34, 37, 40]. Stress
distribution in bone in the present study was similar to

H: Rigid GroupFunction All Teeth
Equivalent Elastic Strain 4
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 7:59 PM

0.0057782 Max
0.005138
0.0044977
0.0038574
0.0032171
0.0025768
0.0019366
0.0012963
0.000656
1.572e-5 Min

(i)

H: Rigid GroupFunction All Teeth
Equivalent Stress 4
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 8:00 PM

1043.7 Max
499.74
239.29
114.58
54.866
26.272
12.58
6.0237
2.8843
1.3811 Min

(j)

Figure 3: FPD with RC and canine rise occlusal scheme: (a) von Mises stress distribution in the entire model, (b) strain distribution in the
entire model, (c) von Mises stress distribution in abutments; (d) strain distribution in abutments, (e) shear stress distribution in abutments,
(f ) von Mises stress distribution in FPD, (g) strain distribution in FPD and shear stress distribution abutments, (h) strain distribution in the
metal framework, (i) von Mises stress distribution in metal framework, and (j) shear stress distribution in the metal framework.

Table 4: Von Mises stress and strain values in FPD with RC and canine rise occlusal scheme.

Variable Component Maximum
value

Location of
maximum value

Minimum
value

Location of
minimum value

Stress

Entire model 59.665 Te distal surface of the canine and mesial
surface of the frst premolar 0.003 Te occlusal surface of the

second premolar

Tooth 5.422 Te buccal surface of the canine 0.083 Te lingual root of the second
molar

FPD 29.565 Te buccal surface of the canine 0.054 Te occlusal surface of frst and
second molars

Metal
framework 38.361 Te distal surface of the canine 0.045 Te distal surface of the second

molar

Strain

Entire model 0.0005 Te distal surface of canine and frst
premolar 4.718 Te buccal surface of the frst

and second molars
Tooth 0.0002 Te buccal surface of the canine 7.058 Te terminal surface of all roots
FPD 0.0006 Mesial surface of the canine 4.250 Occlusal surface of entire FPD
Metal

framework 0.0002 Te distal surface of the canine and mesial
surface of the frst premolar 5.321 Te occlusal surface of frst and

second molars
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H: Rigid GroupFunction All Teeth
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 7:56 PM

0.062043 Max
0.021449
0.0074155
0.0025637
0.0008863
0.00030641
0.00010593
3.6622e-5
1.2661e-5
4.3771e-6 Min

(a)

H: Rigid GroupFunction All Teeth
Equivalent Stress 
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 7:56 PM

1043.7 Max
276.09
73.035
19.32
5.111
1.352
0.35766
0.094614
0.025029
0.0066211 Min

(b)

H: Rigid GroupFunction All Teeth
Equivalent Elastic Strain 2
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 7:56 PM

0.0034041 Max
0.003028
0.0026519
0.0022758
0.0018997
0.0015236
0.0011475
0.00077137
0.00039526
1.9154e-5 Min

(c)

H: Rigid GroupFunction All Teeth
Equivalent Stress 2 
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 7:57 PM

59.529 Max
32.927
18.213
10.074
5.5721
3.082
1.7047
0.94294
0.52156
0.28849 Min

(d)

H: Rigid GroupFunction All Teeth
Shear Stress
Type: Shear Stress (XY Plane)
Unit: MPa

Time: 2
9/11/2021 7:57 PM

Global Coordinate System

10.646 Max
8.7432
6.8402
4.9372
3.0342
1.1312
-0.77176
-2.6748
-4.5778
-6.4808 Min

(e)

H: Rigid GroupFunction All Teeth
Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 7:58 PM

0.0099605 Max
0.0088544
0.0077482
0.006642
0.0055358
0.0044296
0.0033234
0.0022173
0.0011111
4.8796e-6 Min

(f)

H: Rigid GroupFunction All Teeth
Equivalent Stress 3
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 7:59 PM

817.17 Max
335.09
137.4
56.344
23.104
9.4741
3.8849
1.5931
0.65324
0.26787 Min

(g)

H: Rigid GroupFunction All Teeth
Shear Stress 2
Type: Shear Stress (XY Plane)
Unit: MPa

Time: 2
9/11/2021 7:59 PM

Global Coordinate System

155.58 Max
118.82
82.06
45.302
8.5437
-28.214
-64.972
-101.73
-138.49
-175.25 Min

(h)
Figure 4: Continued.
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previous fndings [34, 37, 40]. FPDs with RC and pier
abutments can serve as a lever, and create a high-stress
concentration in pier abutments, which can result in ex-
cessive movements in terminal abutments and their

subsequent damage. Tus, NRCs can be used to eliminate
the role of pier abutments as support [37]. Ideally, an NRC
should be located at the distal surface of the pier abutment
[14, 25].

H: Rigid GroupFunction All Teeth
Equivalent Elastic Strain 4
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2
9/11/2021 7:59 PM

0.0057782 Max
0.005138
0.0044977
0.0038574
0.0032171
0.0025768
0.0019366
0.0012963
0.000656
1.572e-5 Min

(i)

H: Rigid GroupFunction All Teeth
Equivalent Stress 4
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2
9/11/2021 8:00 PM

1043.7 Max
499.74
239.29
114.58
54.866
26.272
12.58
6.0237
2.8843
1.3811 Min

(j)

H: Rigid GroupFunction All Teeth
Shear Stress 3
Type: Shear Stress (XY Plane)
Unit: MPa

Time: 2
9/11/2021 8:00 PM

Global Coordinate System

97.419 Max
52.941
8.4625
-36.016
-80.494
-124.97
-169.45
-213.93
-258.41
-302.89 Min

(k)

Figure 4: FPD with RC and group function occlusal scheme: (a) strain distribution in the entire model, (b) von Mises stress distribution in
the entire model, (c) strain distribution in abutments, (d) vonMises stress distribution in abutments, (e) shear stress in abutments, (f ) strain
distribution in FPD, (g) von Mises stress distribution in FPD, (h) shear stress distribution in FPD, (i) strain distribution in the metal
framework, (j) von Mises stress distribution in the metal framework, and (k) shear stress distribution in the metal framework.

Table 5: Von Mises stress and strain values in FPD with RC and group function occlusal scheme.

Variable Component Maximum
value

Location of
maximum value

Minimum
value

Location of
minimum value

Stress

Entire model 73.035 Te buccal surface of the frst premolar
and frst molar 1.352 Te occlusal surface of the second

molar

Tooth 32.927 Te buccal surface of the second
premolar 0.288 Te distal root of the second molar

FPD 56.344 Te lingual surface of the canine 0.653 Te mesial surface of the canine and
occlusal surface of the second molar

Metal
framework 114.58 Te mesial surface of the frst molar and

the distal surface of the second premolar 2.884 Te occlusal surface of the second
molar

Strain

Entire model 0.002 Te distal surface of the second premolar 1.2661e− 5 Te mesial surface of the canine and
occlusal surface of the second molar

Tooth 0.001 Te buccal surface of the canine 1.915 Te occlusal surface of the second
molar

FPD 0.004 Te lingual surface of the canine 0.001 Te mesial surface of the second
molar

Metal
framework 0.002 Te distal surface of the canine 1.572 Te occlusal surface of the second

molar
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Te occlusal scheme is the most important factor which
should be taken into account prior to treatment to maximize
the possibility of a favorable prognosis [8, 28]. According to
the present results, NRC with a canine rise occlusal scheme
would be the optimal design for a 5-unit FPD with a pier
abutment.

Tis study had some limitations. Due to its nature, all
components were considered homogeneous, isotropic, and
linearly elastic [33], which is not the case in the clinical
setting. Also, the results were compared qualitatively. In
total, the inherent limitations of FEA should be considered
when interpreting the results. Also, due to the in vitro
design of the study, the results cannot be directly gener-
alized to the clinical setting. Future studies on additional
loading conditions on the occlusal surface and connectors
or research on more demanding crown materials including
zirconia crowns and the efect of these forces on this type of
crown material are needed, considering the properties of
zirconia and its challenging adhesion to the teeth [42].
Moreover, the most common location of NRC on the
abutment was simulated in this study [14]. Future studies
may focus on other designs of NRCs and their efect on
stress distribution.

5. Conclusion

TeNRC generated less stress than RC in this study. Oblique
forces created greater stress, and maximum stress was noted
in the canine abutment. Deformation was greater in pier
abutments (compared with terminal abutments), and in RC
(compared with NRC). Stress was greater in pier abutment
and NRC, compared with RC. Te FPD with NRC and
canine rise occlusal scheme decreased stress in FPD and
increased stress in the tooth crown, and can be suggested as
the best design for a 5-unit FPD with pier abutment.
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