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Abstract The purpose of this in vitro study was to

compare the stress distribution and natural frequency of

different shape and thickness retainer designs for maxillary

posterior resin-bonded prostheses using finite element (FE)

method. A 3D FE model of a three unit posterior resin-

bonded prosthesis analysis model was generated. Three

different shaped retainer designs, viz. C-shaped (three axial

surface wraparounds), D-shaped (three axial surface

wraparounds with central groove) and O-shaped (360�
wraparounds), and three different thicknesses, viz., 0.4, 0.8,

and 1.2 mm, resin-bonded prostheses were used in this

study. The resin-bonded prosthesis analysis model was

imported into an FE analysis software (ANSYS 10.0,

ANSYS, USA) and attribution of material properties. The

nodes at the bottom surface of the roots were assigned fixed

zero displacement in the three spatial dimensions. A sim-

ulated angle of 45� loading of a 100 N force was applied to

the node of the pontic lingual cusp surface. The stress

distributions and corresponding natural frequencies were

analyzed and resolved. The C-shaped retainer for 0.4 mm

thickness recorded the greatest von Mises stresses of

71.4 MPa for all three groups. C-shaped, D-shaped and

O-shaped retainer presented natural frequencies 3,988,

7,754, and 10,494 Hz, respectively. D-shaped retainer and

O-shaped retainer increased natural frequencies and struc-

tural rigidity over the traditional C-shaped retainer. The

maximum von Mises stresses values of the remaining tooth

and prosthesis decreased with greater retainer thickness.

D-shaped retainer and O-shaped retainer increased natural

frequencies and structural rigidity over the traditional

C-shaped retainer.

Keywords Resin-bonded prosthesis � Finite element

analysis � Natural frequency � Retainer design

Introduction

Compared with traditional fixed partial dentures (FPDs),

the main advantage of using resin-bonded prostheses is the

preservation of dental hard tissues, following the concept

of so-called minimal invasive dentistry. Resin-bonded

prostheses are considered a viable alternative to conven-

tional FPDs [1–3]. However, the bite forces challenge the

retainer rigidity and adhesive bond between the restoration

and dental tissues that may lead to failure and clinical
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debonding. Unfortunately, debonding has been the main

disadvantage of this innovative technique. Consequently,

the success rate of resin-bonded prostheses is directly

related to the tooth preparation design for good retention

and resistance form. With regard to the high patient satis-

faction and relatively low incidence of failures and com-

plications, the clinical performance of non-retentive resin-

bonded prostheses can be considered satisfactory [4].

In industry, it is a conventional and successful method to

apply a modal analysis to determine the characteristics,

such as natural frequencies and mode shapes, of a material

structure or a machine component while it is being

designed [5]. The natural frequency in Hz is used as an

indicator for assessing the stability in the design of a

structure. Mechanically thinking, the natural frequency of

an object is strongly correlated to the stability of the

structure [6]. Some previous researches have been per-

formed using natural frequency for the quantitative

assessment of the early detection of a dental implant sta-

bility [7, 8] and metal frameworks of removable partial

dentures [9]. However, relatively little information is

known or has been published about the effect of natural

frequency for resin-bonded prostheses.

From a biomechanical perspective, the retainers are

important structures that connect the bridgework and

abutment teeth and allow the transfer of the bite force. Nair

et al. [10] evaluated the effects of different groove length

and thickness of the retainers on the retention of maxillary

anterior base metal resin-bonded retainers. Their results

showed that placement of the grooves increased the

retention values almost 2.5 times compared with the

grooveless preparation and retention value was directly

proportional to the groove length and retainer thickness. el

Salam et al. [11] evaluated the effect of various tooth

preparation designs, in this case the C-shape or with

occlusal coverage and opposing grooves, on the bond

strength for resin-bonded prostheses. The results suggested

that a combination of 180� opposing groove placement at

line angles ‘‘wraparound’’ and occlusal coverage resulted

in the greatest bonding values. Nemoto et al. [12] reported

on the design of resin-bonded prostheses with zirconia

frameworks. Three types of frameworks were fabricated as

0.5 and 0.8 mm thick zirconia frameworks with grooves

and holes and 0.5 mm thick zirconia frameworks without

grooves and holes. The result suggests that the retention

form had a significant effect on decreasing the framework

deformation, indicating that the resin-bonded prostheses

that use a 0.5 mm thick zirconia framework are effective

for replacing a single anterior missing tooth. Lin et al. [13]

evaluated the C-shaped retainer design factors using the

finite element analysis: three values of retainer thicknesses

(1.2, 0.8 and 0.4 mm), with the heights of 100, 75 and

50 % of the distance from 2 mm above the cement-enamel

junction to the occlusal surface, and at an angle of the axial

surface extensions (150�, 180� and 210�) were selected as

the design parameters. The simulated results showed that

the averaged stress values of the remaining tooth and

prosthesis decreased with greater retainer thickness and

height as a result of increasing prosthesis stiffness and

maximizing of the bonding area between the enamel and

the retainer, respectively.

However, sparse research has been conducted to com-

pare the traditional C-shaped retainer to D-shaped and

O-shaped retainer designs of resin-bonded prostheses.

Previous studies have been based on empirical designs for

posterior resin-bonded prostheses retainer. Botelho et al.

[14, 15] introduced a D-shaped retainer that seems to

increase structural rigidity over the traditional C-shaped

framework. This D-shaped retainer was considered ade-

quate to resist distortion during function. However, data are

still scarce for supporting this assumption and a deeper

analysis is merited on this topic. This paper is focusing on

the effect of different shaped retainer designs, namely

applying a three unit posterior resin-bonded prosthesis

analysis model on three different shaped retainer designs,

viz. C-shaped, D-shaped and O-shaped, and with three

different thicknesses, viz., 0.4, 0.8, and 1.2 mm, for max-

illary posterior resin-bonded prostheses using finite ele-

ment static and modal analyses.

Materials and methods

Three-dimensional (3D) finite element (FE) model

A 3D FE model was generated in four steps. First, a high-

resolution 3D X-ray CT scanner (Alphard-3030, Asahi

Roentgen, Kyoto, Japan) was used to scan the tooth at a

voxel dimension of 100 lm. Exposure time was 17 s/

frame. One slice out of every 10 slices was used for the

modeling (i.e. 50 slices out of 501 slices).

Second, a medical image processing software (Mimics

10.0; Materialise, Leuven, Belgium) interactively read CT

data in the DICOM (Digital Imaging and Communications

in Medicine) format. Enamel, dentin, pulp 3D object were

created by growing threshold regions on the entire stack of

scans. Figure 1 shows an example of the segmentation and

the reconstruction steps.

Third, primitive shapes, i.e. mainly rounded inserts and

cylinders, and an enamel 3D object were used to create the

surface of resin-bonded prosthesis. Three different shaped

retainer designs (D-shaped, C-shaped, O-shaped) and with

three different thicknesses (0.4, 0.8, and 1.2 mm) resin-

bonded prostheses were created in this study.

Mimics MedCAD function, Boolean Minus, Unite

function and remesh function were used to simulate resin-
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bonded prosthesis preparation, and to establish and

assemble congruence of the interfacial mesh between the

different objects that are thus enamel, dentin, pulp, resin-

bonded prosthesis. All unwanted surfaces and interfaces

were deleted as is the custom procedure. After remesh, a

3D object which contained the interfaces of interest was

then converted into a 3D file using the Mimics Ansys area

file (.lis) output format.

Then, fourth, the definitive Mimics Ansys area file (.lis)

which contained all parts was then imported into an FEA

software (ANSYS 10.0, ANSYS) and transformed areas to

each part of volume for the generation of the volumetric

meshes, with a total of 61,616 elements/12,329 nodes and

attribution of material properties according to existing data.

Automatic mesh generation using a tetrahedral mesher

(tetrahedron elements with pyramid like shape and four

nodal points) was ideally achieved.

Material properties, loading and boundary conditions

Material properties used in this study for FE analysis

are listed in Table 1. Material properties were assumed

to be isotropic, homogeneous, and linear-elastic. The

stiffness of the pulp was not considered since its

Young’s modulus is much lower than those of the other

materials.

The nodes at the bottom surface of the roots were

assigned fixed as zero displacement in the 3 spatial

dimensions. To simulate usage of adhesive luting resin

composite cements, the tooth and restorative materials

were estimated to be bonded uniformly and perfectly. In

order to simulate functional cusp loading in working side

of jaw, a 100 N loading was applied to a node of the pontic

(lingual cusp incline) at an angle of 45� from the buccal

direction. The stress distributions, natural frequencies and

mode shapes of the first vibrational mode were solved

using the FE analysis software ANSYS 10.0.

Results

Localized high stress concentration was observed around

the connectors in all simulated models (cf. Fig. 2a and

Table 1).The maximum von Mises stresses values [20–22]

in remaining tooth and prosthesis, and natural frequencies

of the prosthesis are shown in Table 2. The C-shaped

retainer for 0.4 mm thickness recorded the greatest von

Mises stresses 71.4 MPa for all three groups. Figure 2b is a

schematic drawing that illustrated the loading direction.

Figure 3 shows the von Mises stress distributions for dif-

ferent designs of 0.8 mm retainer. The stress values in the

top end of C-shaped wing were the lowest for all three

groups. It can also be seen that stress values of the

D-shaped retainer of 0.8 mm thickness were 23 % lower

than C-shaped retainer.

Fig. 1 Showed example of

segmentation and reconstruction

steps: manual unpaint and

automatic masking,

interpolating and 3D object

reconstruction using Mimics

10.0 in a four-dimensional

engineering view

Table 1 Material properties

Young’s

modulus (GPa)

Poisson’s

ratio

Density

(g/cm3)

Enamel 84.1 [16] 0.30 [16] 2.9 [17]

Dentin 18.6 [16] 0.31 [16] 2.2 [17]

Pulp 2.0 9 10-3 [18] 0.4518) 1.2a

Resin-bonded

prosthesis (Co-Cr)

188.0 [18] 0.28 [18] 8.4 [19]

a The density of soft tissue
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Figure 4 presents the mode shapes of the vibrating resin-

bonded prostheses and the natural frequencies of 0.8 mm

retainer. The plane of the first vibrational mode bending

axis for C-shaped retainer almost paralleled to the X–

Z plane, however, the plane of bending axis for D-shaped

retainer and O-shaped retainer almost paralleled to the X–

Y plane, which was perpendicular to the C-shaped retai-

ner’s. C-shaped, D-shaped and O-shaped retainer presented

natural frequencies 3,988, 7,754, 10,494 Hz, respectively.

D-shaped retainer and O-shaped retainer increased natural

frequencies and structural rigidity over the traditional

C-shaped retainer. The O-shaped retainer recorded the

greatest natural frequencies and resistance to dislodgment.

Discussion

In FEA, theMimics segmentation and editing tools enable to

manipulate the data to enamel, dentin, soft tissue, etc. Once

an area of interest is separated, it can be visualized in 3D

presentation. The value of biting force has been reported to

be as high as 790 N [23]. However, it has to be remembered

that the load of 790 N is the so-called peak load. Given this,

the average applied load in dysfunction such as bruxismmay

be as high as 225 N (s.d. 130 N) [23]. Distributed over a

number of worn teeth, this would result in much lower stress

applied to each tooth. Mean masticatory forces have been

reported by Anderson [24, 25] to be in the range of

70.6–146.1 N. Thus, the applied 100 N load in this present

study lies within the range of these values in this study.

The success rate of resin-bonded prostheses is directly

related to the tooth preparation design for good retention

and resistance form [12]. Retainers of C-shaped, D-shaped

and O-shaped resin-bonded prostheses are located above

the retention line of the tooth. There is only little space in

molars and premolars due to occluding cusps. As a result, a

tooth preparation is required to assure the clearance of the

retainers for C-shaped, D-shaped and O-shaped resin-

bonded prostheses in molars and premolars.

Fig. 2 a FE remeshed model using ANSYS 10.0. b A schematic

drawing to illustrate the loading direction

Table 2 The maximum von Mises stresses values in remaining tooth

and prosthesis, and the natural frequencies of the resin-bonded

prostheses

Thickness

(mm)

Remaining

tooth (MPa)

Prosthesis

(MPa)

Natural

frequencies

(Hz)

C-shaped

retainer

0.4 28.5 71.4 2,959

0.8 24.6 66.5 3,988

1.2 21.9 61.5 5,496

D-shaped

retainer

0.4 22.0 63.8 6,602

0.8 19.5 54.2 7,754

1.2 17.7 51.5 10,431

O-shaped

retainer

0.4 23.2 62.3 7,821

0.8 20.2 52.7 10,494

1.2 19.3 51.3 11,329

Fig. 3 The von Mises stress at

remaining tooth and prostheses
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This FE study used von Mises stress as the stress

assessment indicator. The von Mises stress also called the

equivalent stress. Based on the failure mode of a material

being due to distortional energy caused by a stress state, the

von Mises stress is a single normal stress value, which is

equivalent to an actual combined state of stress [26]. The

maximum-distortion-energy theory predicts elastic failure

when the von Mises stress reaches the yield strength.

The optimal adhesion simulated in our model does not

represent the clinical situation where a repetitive fatigue

loading situation is characteristic. Nevertheless, this the

optimal adhesion between the retainer and abutment teeth

has been approved in previous simulations that can sig-

nificantly analysis the risk for retainer/abutment interface

failure [27, 28]. By evaluating the resultant of static stress

and natural frequencies on FE models, we will explore the

debonding failure of different retainer designs and study

the properties of the different thicknesses. Omission of

resin cement lute might influence the accuracy of the

mechanical responses. However, the aim of this study was

to understand the biomechanical performances with mul-

tiple retainer design factors and their interactions of resin-

bonded prosthesis under sufficient interfacial bonded

strength between metal and abutment teeth.

In general, the first vibrational mode is bending mode, the

second mode is a torsion vibration, and the third mode is an

axial vibration. Let alone, the bite force status of resin-bonded

prostheses is intimately associated with bending mode.

Therefore, natural frequencies and mode shapes of the first

vibrational mode were analyzed in this present study.

In a previous study, Lin et al. [13] reported no stress

differences were found according to the angle of the

C-shaped retainer extension because stress transmission

was concentrated at the connectors. In this present study,

the C-shaped retainer did not transmit the simulated bite

force to the top end of the C-shaped wing. The result was in

agreement with some previous reports [13–15]. However,

one of the most important factors that influenced the stress

distributions for the resin-bonded prosthesis models was

certainly the retainer shape used in this study. The con-

ventional C-shaped retainers were in general more flexible

in the wings which may cause that they debond relatively

easily. This was not only attributed to the limited surface

area of C-shaped retainer for bonding, but it is also cor-

relating with the stability of the C-shaped structure. Given

this, greater rigidity conferred by D-shaped and O-shaped

retainer, along with the greater surface area for bonding,

may have been contributed for the elevated forces to de-

bond the resin-bonded prostheses.

This investigation has evaluated the effect of retainer

thickness for posterior resin-bonded prostheses using finite

element static and modal analyses. Botelho et al. [14, 15]

have reported the clinical cases about C-shaped, D-shaped

and O-shaped resin-bonded prostheses. Evidence-based

information continues to accumulate on improved design

features and tooth preparations for resin-bonded prostheses.

However, long-span and C-shaped RBFDP designs still

appear to show significantly more debonds than O-shaped

and D-shaped prostheses. The clinical evaluation of thick

retainer (0.8, and 1.2 mm) that reduce inter-abutment

stresses may lead to further advancement in our knowledge

on how to make more retentive resin-bonded prostheses.

The design principles for such resin-bonded prostheses

require an abutment with periodontal health, appropriate

periodontal support, a minimum retainer thickness of

0.8–1.2 mm, an O-shaped and D-shaped wraparound and/or

the use of grooves or slots on the major and minor retainer.

The results of this finite element analysis study supported

some previous findings and lead to a finding that the stress

values of the remaining tooth and prosthesis (restoration)

decreased with greater retainer thickness. Clinical studies

are required to validate this FE analysis hypothesis.

Conclusions

The following conclusions may be drawn from this study:

Stress concentrations were found to be higher in the

C-shaped retainer resin-bonded prostheses than in the

D-shaped and O-shaped retainer groups.

Fig. 4 The mode shapes of the vibrating resin-bonded prostheses of

0.8 mm retainer
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The D-shaped and O-shaped retainer provided more

even stress distribution for resin-bonded prostheses than

the traditional C-shaped retainer.

The maximum von Mises stresses values of the remain-

ing tooth and prosthesis decreased with greater retainer

thickness.

The D-shaped retainer and O-shaped retainer increased

the natural frequencies and structural rigidity over the

traditional C-shaped retainer.

Conflict of interest The authors declare that there is no conflict of

interests regarding the publication of this article.
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