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A two dimensional finite element model was constructed to analyze the mechanical behavior of
a five unit fixed partial denture(FPD) with a 2nd premolar pier abutement either employing a rigid
or nonrigid connector. Gap elements were used to model the clearance space of the nonrigid connector.
All FPDs with rigid or nonrigid connectors reduced the magnitude of stress in the periodontium
as compared to the control, with both normal or reduced bone support. An FPD with rigid connectors
induced the smallst stresses in the periodontium. A FPD with a nonrigici'" connector on the mesial
of the molar abutment exhibited the most undesirable mechanical stress states and deformations.

Introduction

The nonrigid connector is a broken-stress unit,
and its design consist of key that is usually attached
to the pontic and keyway which is placed in the
retainer. Shillingburg and Fisher” advocated a no-
nrigid connector at the distal surface of a pier abut-
ment tc prevent unfavorable leverage across the
pier. Several authors*® suggested the nonrigid at-
tachment as a solution for the mesially tilted molar
abutment for a fixed partial denture.

Although the use of a nonrigid connector is wi-
dely considered in the case of a pier abutment or
a tilted molar abutment, the nonrigid connector
must be used discriminantly. The cantilever effect
of the nonrigid design can induce an additional
stress on an abutment and in time can destroy the
supporting tissues. At present, there is insufficient
scientific evidence to enable evaluation of the use
of nonrigid connectors. Only a few photoelastic stu-

dies*¥ have been conducted concerning the stress
analysis of a fixed partial denture with a nonrigid
connector. Most of the information and indications
for the use of nonrigid connectors were empirically
derived.

The finite element method(FEM) of stress anal-
ysis is an useful and accurate tool to determine
stresses and strains in a structure. Its validity in
designing and analyzing prostheses has been estab-
lished in dentistry®. A two dimensional finite ele-
ment method has been used to determine the stre-
sses in a prosthesis and surrounding structures
as well as the displacement of the abutment teeth
caused by the forces of occlusion.

The purpose of this study was to qualitatively
analyze the stress levels in the teeth and supporting
structures and ascertain how addition of a fixed
prosthesis with either a rigid or nonrigid connector
modified these stresses and their distribution.



Material and Methods

The finite element model was constructed of a
mandibular posterior segment which included a ca-
nine, second premolar, second molar and suppor-
ting structures. A standard intraoral radiograph was
made of a periodontally healthy mandibular premo-

lar-molar area using the paralleling technique.
There was no bone resorption and no abutment

tilting. The radiograph was used to trace the outli-
nes of each component and to construct the stan-
dard model (H, Fig. 1). The crown/root ratio of
each tooth in this standard model was 1 © 1.5. Four
variations of the two dimensional finite element
model were constructed 5 1) no restoration, 2) a
four unit fixed prosthesis with rigid connectors,
3) a four unit fixed partial denture with a nonrigid
connector located on the distal of the 2nd premolar,
and 4) a four unit fixed partial denture with a non-
rigid connector located on the mesial of the Znd
molar. For each of the four models, another varia-
tion was made by reducing the alveolar bone level
to a crown/root ratio of 1: 0.6. The designs and
their symbols are given in Table 1. The model inc-
luded cortical and cancellous bone, dentin and ena-
mel as well as the casting alloy where indicated.

In all models, the lower border of the mandible
was modeled to be rigidly fixed in a vertical direc-
tion. The mesial border of the models was designed
so that at the mesial contact point of the canine,

and at the upper and lower mesial border of the
mandible the structure could deform elastically in
a mesial direction with an assigned stiffness value
of 20Kg/cm? A 1Kg biting force with 15 degrees
of mesial vector was applied on all of the fossae,
marginal ridges of mesial vector was applied on
all of the fossae, marginal ridges and cusps of the
occlusal surface of each tooth(Fig 2). When a pros-
thesis was present loading of its fossae, and cusp
tips was added to the total loading of the structures
(Figs 14—16). The mechanical properties of the
various materials were taken from the literature
(Table 2). The elastic constant and Poisson’s ratio
of the materials, the data concerning coordinate
and geometry of each node and element were input.
The basic model (H) was comprised of 1214 2-di-
mensional elastic and 3 boundary elements and
1302 nodes, the spatial distribution of which varied
with bone level and restoration.

The nonrigid connector was designed as a tape-
red key and keyway. A non-linear condition bet-
ween key and keyway was possible by using 16
gap elements in modeling a nonrigid connector.
This gap element was designed to not transmit co-
mpressive force until the clearance space between
the key and keyway was completely closed. The
connection between the elements in the interface

was eliminated when tensile force occurred or
when the structural deformation was insufficient

to completely close the clearance space of the gap

Table 1. Symbols and designs of finite element models

Symbol Design

H; No restoration, High bone level(C/R ratio of 1: 15)

L:  No restoration, Low bone level(C/R ratio of 1: 0.6)

RH Fixed partial denture with rigid connectors, High bone level.

RL; Fixed partial denture with rigid connectors, Low bone level.

PH Nonrigid connector located distal of 2nd premolar, High bone level.
PL: Nonrigid connector located distal of 2nd premolar, Low bone level.
MH ; Nonrigid connector located mesial of 2nd molar, High bone level.

ML: Nonrigid connector located mesial of 2nd molar, Low bone level.




Table 2. Mechanicai properties of materials

Materials Young’s Modulus Poisson’s

(Kg/cm?® Ratio
Enamel” 8.26X10° 0.33
Dentin® 2.14X10° 0.31
PDL? 7.03X10 0.45
Compact Bone? 145X 10° 0.30
Cancellous Bone'” 215X 10° 0.30
Casting Gold® 8.46X10° 0.40

element. Compression gap elements, which trans-
mit force when the 0.08mm clearance space was
closed, were installed on the vertical surfaces (axi-
dal wall) between the key and keyway. Zero cleara-
nce space compression gap elements were installed
on the horizontal plane(pulpal wall) to allow imme-
diate transmission of vertical compressive force
(Fig. 3). The non-linear plane stress analysis prog-
ram of Supersap Ver. 9.01/387(Algor Inc. Pittabu-
rgh, PA) was used to solve the problems.

The calculated numeric data were transformed
into color graphics to better visualize the mechani-
cal phenomenon occurring in the models. The ma-
ximum compressive stress, minimal tensile stress,
and maximum shear stress in each model were
calculated. By comparing these results, the effect
of the fixed prosthesis with a nonrigid connector
on the stress distributions and mobility of the sup-

porting structures was evaluated.
Results

As the stress level and distribution patterns of
maximum compressive stresses are important in
anticipating the breakdown of the peridontium by
overloading, only plots of maximum compressive
stresses are presented in this paper(Figs 4—11).
In the periodontium, relatively high stresses were
distributed in the cortical bone, but the size and
value of the stress increased as the height of alveo-
lar bone decreased{Figs 5, 6). All the FPDs modi-
fied and reduced the stress in the supporting struc-
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ture. But high stress concentration area was obser-
ved around the rigid connectors of the structure
near the nonrigid connector(Figs 9, 10). But high
stress concentration area was observed under the
connector area distal to the pier abutment and
along the distal tooth surface of the premolar abut-
ment(Fig. 11). For comparison of the magnitude
of stresses in each model, the peak stress occurring
in each material for each model was tabulated. The
maximum compressive stresses of the free standing
teeth in normal and reduced bone level group(H,
L) were 106, 149Kg/cm?® in the cortical bone and
10, 20kg/cm® in the PDL respectively. While the
maximum compressive stresses of the FPD with
rigid connectors in normal and reduced bone level
group{RH, RL) were 93, 97kg/cm® in the bone and
7, 10kg/cm?® in the PDL respectively. A FPD with
a nonrigid connector on the mesial of the molar
and reduced bone level(ML) showed the greater
peak stress values in the PDL and bone than any
other FPD group(Table 3).

In order to compare the mobility of an abutment
teeth from model to model, the deflections were
traced and shown in Figures 12— 16. Note that the
displacements were all magnified by a factor of ten
for ease of visualization. In the un-restored groups,
(H, L) the displacement of the teeth increased with
the increasing bone resorption(Figs 12, 13). But
the displacement of an abutment tooth decrease
after insertion of a fixed prosthesis(Figs 14—16).
The mesial and apical displacements in microns
at the mesial cusp tip of the 2nd molar, the cusp



Table 3. Maximum stresses in the material of each design

H L RH RL PH 'PL MH ML
Comp. St. 10 20 7 10 8 11 9 12
PDL Tens. St 4 9 4 5 3 5 3 5
Shear St. 5 10 4 5 4 6 4 6
Comp. St. 106 149 93 97 89 101 103 113
Bone Tens. St 101 128 73 65 64 58 102 118
Shear St. 53 75 46 43 44 50 51 60
Comp. St. 37 82 73 91 81 108 76 125
Tooth  Tens. St 20 57 40 61 37 47 66 98
Shear St. 18 41 36 46 40 54 43 62
Comp. St. 371 395 424 475 261 354
Gold Tens. St 262 284 312 350 227 310
Shear St. 185 197 212 238 131 177
Comp. st. ; Compressive stress, Tens. St.; Tensile Stress. (unit : Kg/cm?)
Table 4. Displacement of cusp tip in each design
Design second molar second premolar canine
mesial apical mesial apical mesial spical
H 139 68 109 27 88 19
L 287 142 300 47 133 26
RH 88 33 85 36 84 33
RL 9 38 92 44 91 45
PH 94 34 73 38 72 30
PL 106 39 79 47 78 42
MH 146 63 77 40 78 25
ML 169 76 79 50 81 35

tip of the second premolar and canine subjected
to the standard loading conditions are listed. The
displacement of free standing molar abutment with
a normal and a reduced bone level (H, L) were
139, 287 microns in the mesial direction and 68,
142 microns in the apical direction respectively.
But after insertion of a FPD with rigid connectors
with a normal and a reduced bone support, (RH,
RL) the displacement of a molar abutment decrea-
sed to 88, 94 microns in the mesial direction and
33, 38 microns in the apical direction. A FPD with
a nonrigid connector on the mesial of the molar

(unit : microns)

showed the greater displacement of molar abut-
ment than any other FPD at the same bone level
(Table 4.

Discussion

The nonrigid connector has long been advocated
for use in restorative dentistry for prostheses dea-
ling with a pier abutment, a tilted molar abutment
or for multiple units. The female portion of the
nonrigid connector is commonly placed within the
normal tooth contours of the abutment. Although



this stress breaker configuration allows the indivi-
dual tooth physiologic mobility, the cantilever effect
of the nonrigid design can produce an additional,
perhaps destructive stress to the abutment under
the soldered retainerl. Factors such as edentulous
span length, occlusion, bone support and location
of the nonrigid joint may affect the stress distribu-
tion around the abutment. If the compressive stress
is excessive it can lead to alveolar bone resorption
1)

According to our calculations the greatest stres-
ses in the periodontium of the un-restored teeth
occurred around the root apex but relatively high
stresses were also distributed in the cortical bone
surrounding the root surface of the abutment teeth
(Figs 5, 6). At a normal bone height(Fig 5), the
maximum compressive stresses in the periodontal
ligament(PDL) were 10Kg/cm? while the magni-
tude of the peak stress with a reduced bone level
was twice as large(Fig 6 and Table 3). When the
level of the alveolar bone is normal, the periodontal
surface area around the teeth become larger, the
stresses are distributed into this larger area and
the peak stress in PDL decreased.

The maximum compressive stresses for the fixed
partial denture with rigid connectors and a low bo
ne level were 10 and 97Kg/cm® in the PDL and
bone respectively. These stress levels were similar
magnitude to those calculated in the case of a high
bone level and no restoration. When comparing the
stresses between the unrestored group and the 5-
unit fixed restoration, the magnitude of compres-
sive stress in the PDL was reduced nearly 50%
by the placement of a prosthesis in low bone level
group(L, RL). In comparison a 20% reduction in
stress was calculated when a prosthesis was placed
on the teeth with normal bone levels(H, RH) (Ta-
ble 3). The mechanical advantage created by a fixed
prosthesis is more pronounced in situations with
reduced bone support as compared to normal bone
height as was determined in our previous work'?.
When a FPD was present, the total occlusal force
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increased because each cusp and fossa present(11
loading points with no restoration and 15 loading
points with the 5 unit fixed prosthesis) was placed
under the standard load. But deformation in the
the prosthesis absorbed a major portion of the st-
ress concentration in the prosthesis and reduces
the overall stress level within the periodontium
in comparison to the unrestored situation. Thus,
the high elastic modulus of the metal reduced the
overall stress level within the periodontium(Figs
5—8). This result complements other stress analy-

sis research on fixed prostheses® ™

and indicates
a possible periodontal advantage of high modulus
base metal alloys as opposed to gold alloys. As anti-
cipated based upon the above results, the mesial
and apical displacement of the abutment teeth inc-
reased with bone resorption(Fig. 12) and decrea-
sed after insertion of a fixed prosthesis(Figs 13,
14).

In case of the FPDs with the nonrigid connector
the peak stresses in the periodontium, at the same
bone height, are not very different when compared
to the FPD with rigid connectors. Some authors”
claim that the pier abutment in the fixed restoration
acts as a fulcrum and will generate considerablely
higher stresses around the pier abutment. But the
results of our study are to the contrary and indicate
no excess stress was generated in the periodontium
around the pier abutment when restored with a
fixed partial denture(Figs 7—8). Because of the
excellent absorption and distribution of the occlusal
stresses into the fixed prosthesis, the fulcrum phe-
nomenon was not observed around the pier abut-
ment in the FPD with rigid connectors. The highest
value of stress was produced in the metal around
the region of the rigid connectors, while relatively
low stress levels were found in the region of the
nonrigid connector(Figs 9—11). Although a high
stress concentration was found in the metal struc-
ture of the rigid connector, a fixed prosthesis redu-
ced the stress level in the supporting periodontal
structures in all situations.



The effect of nonrigid connector location was also
examined in this study. The peak compressive st-
ress in the PDL around the molar was 4Kg/cm®
with both the rigid connector(RH) or the non-rigid
connector located on the distal of the second pre-
molar(PH), while moving the non-rigid connector
to the mesial of this pier abutment(MH) resulted
in an increase to 9Kg/cm®. The peak compressive
stress in the bone around the pier abutment was
59Kg/cm® for both RH and PH and 70Kg/cm® for
MH. Additional high stress concentration occurred
under the connector along the distal surface of pier
abutment when a nonrigid connector was placed
on the mesial of the second molar abutment in
both MH and ML(Fig. 11). The cantilever action
of nonrigid connector in MH and ML may be the
cause of high stress concentration at this area. At
a given level of bone support, the the ML and MH
models generated higher compressive stresses in
the periodontium than any of the other FPD models
(Table 3). The FPD with rigid connectors and the
FPD with a nonrigid connector at the distal of the
pier abutment resuited in the smallest peak stres-
ses in the periodontium and demonstrated similar
stress distribution patterns(Figs 7, 9.

At the same bone level a FPD with a nonrigid
connector on the molar(ML) exhibited a greater
abutment mobility than a FPD with the nonrigid
connector on the premolar(PL Figs 15— 16 Table
4). The placement of the nonrigid connector at the
mesial of the molar with the reduced bone level
(ML) resulted in the highest peak stress in the
periodontium and the greatest mobility of the molar
abutment. A photoelastic study 4 has also shown
that placement of a nonrigid connector at the mesial
of the distal abutment is least desirable. A likely
reason for the difference in stress levels in FPDs
betweenthe locations of the nonrigid connectors
was the mesial component of the occlusal force vec-
tors. If the keyway of the connector is placed on
the distal side of the abutment, mesial movement
seats the key into the keyway more solidly, while

the placement of the keyway on the mesial side
allows no buttressing effect until larger displace-
ments occur.

Although two dimensional finite element analysis
of dental structures were not an exact representa-
tion of the real situation, the results obtained have
significant clinical implications. The better distribu-
tion of the occlusal force was achieved with a fixed
prosthesis with rigid connector as compared to the
free standing teeth or any other FPDs with a nonri-
gid connector. The nonrigid designs resulted in
a greater or equivalent value of peak stress in the
periodontium when compared to the rigid FPD. No
stress concentration was observed around the pier
abutment after placement of a FPD with rigid con-
nectors. But the placement of a nonrigid keyway
at the distal of the abutment was the preferable
place of nonrigid connector. Even with the optimal
placement of a nonrigid connector, it is unlikely
that the use of nonrigid connector reduce the ex-
cess stresses of the periodontium. Based upon this
stress analysis a clinical problem associated with
a fixed restoration with a nonrigid connector is fati-
gue failure at the rigid connector because of the
higher stress levels in this area with such designs.

In is evident that a three dimensional model and
more accurate material properties, particularly with
regard to modeling the periodontium, would yield
more accurate stress values and distributions. Fur-
ther FEM studies using a 3—D model and long-
term clinical data are needed to confirm the gene-
rality of the above results.

Conclusions

Within the limitations imposed by a two dimen-
sional finite element analysis the following conclu-
sions can be drawn -

1. In the un-restored model with a reduced bone
level, the highest peak stresses were generated in
the periodontium and the greatest tooth mobility
was observed.



2. All fixed restorations, whether with rigid or
nonrigid connectors, reduced the stress in the pe-
riodontium by absorption and distribution of stres-
ses by deformation within the prosthesis, and sho-
wed smaller cuspal displacement than the un-resto-
red models.

3. The mechanical advantage gained by a FPD
is more pronounced in situations of reduced bone
as compared to normal bone support.

4. A FPD with rigid connectors induced the sma-
llest peak compressive stress in the periodontium.

5. A FPD with a nonrigid connector on the mesial
of the molar exhibited the most undesirable mecha-
nical behavior.
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Legend

. Color code for the material present ; cancellous bone{green), compact bone(red), PDL

(yellow), dentin(blue) and enamel(brown)

. Two-dimensional finite element model at high bone level. Arrows indicate applied load.

Triangle marked nodes are fixed in X and Y direction. Nodes with a circle are fixed
in X direction.

. Design of the nonrigid connector. Pink and blue colors represent gold alloy and dentin

respectively. Six compressive gap elements with 0 gap space are installed vertically
between gingival wall of the key and keyway. Ten compressive gap elements with
0.08mm clearance are installed horizontally between the axial walls of the key and

keyway.

. Compressive stress magnitudes and associated color for figures 5—11. Unit : Kg/cm?
. Stress distribution with no restoration and ideal bone height(H). Stresses are distribu-

ted around the root apex and more widely in the cortical bone.:

. Stress distribution with no restoration and low bone level(L). Higher and wider stress

concentrations are observed in the periodontium around the root apices as compared
to the normal bone height in Fig. 5.

. Stress distribution with high bone level and 5-unit restoration(RH). The FPD not

only reduces the stress level but also modifies the pattern of stress distribution. Stress
is relieved in the periodontium. High stress concentrations are seen in the connectors
of the fixed prosthesis.

. Stress distribution with low bone level and FPD(RL). The prosthesis markedly reduced

the stress in the periodontium when compared to Figure 6. No localized stress concent-
ration is found in the periodontium around the pier abutment after installation of the
FPD.

. Stress distribution with ideal bone height and FPD with nonrigid connector at the

distal of the pier abutment(PH). Similar pattern of stress distribution to FPD with
rigid connector(Fig. 7) is observed.
Stress distribution around the nonrigid connector in PH. Compressive forces are trans-
ferred to the keyway by the vertically directed gap element. The high stress area
around the connector is not so wide,
Stress distribution with high bone level and FPD with nonrigid connector on the
mesial of the second molar abutment(MH). When compared to Figure 9 additional
compressive stress is generated in the periodontium on mesial surface of the mesial
root of the molar abutment and on the distal root surface of premolar. High stress
in the prosthesis is found around the rigid connector at the distal of the pier abutment.
Deflection of the dental structures with a high bone level(H). Green lines indicate
the outline before loading. White lines show the contour after loading. Magnitude

of displacement X 10.
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Fig. 13.

Fig. 14.

Fig. 15.

Fig. 16.

Deflection of the dental structures with a low bone level without restoration(L). Inc-
reased mobility of the abutment teeth is observed. Magnitude of displacernent X10.
Deflection after the insertion of a FPD with rigid connectors and reduced bone level
(RL). A marked reduction in the abutment mobility is seen. Magnitude of the displace-
ment X 10.

Deflection with reduced bone level and a FPD with a nonrigid connector to the distal
of the premolar(PL). Magnitude of the displacement X 10.

Deflection after the insertion of a FPD in the presence of reduced bone support with
a nonrigid connector to the mesial of the molar abutment(ML). Magnitude of the
displacement X 10.
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