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The time dependency of stress distribution in the supporting structures under dentures was simulated,
under three loading conditions, by visco-elastic finite element stress analysis. In this simulation, viscoelastic
material, was used as a model for soft tissue.

The results indicate that the viscous flow of soft tissue and the loading position are factors determining
stress intensity in the supporting structures under the denture. The stress intensity in the supporting
structures was lowered when the occlusal force shifted towards the palatal side. Simulated results support
Pound’s lingualized occlusion theory.
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INTRODUCTION

In preparing removable dentures, high stress concentration in the supporting structures
during mastication must be avoided. High stress concentration causes pain and decubital
ulcers under the denture. Bone resorption and permanent deformation in the residual
alveolar ridge follow when the ill-fitting denture is used?-?. It is, then, a fundamental
requirement in preparing removable dentures to evaluate stress and strain in the supporting
structures.

Many methods have been applied to measure stress and strain distributions in supporting
structures. For example, Pezzoli et al®. studied stress distributions in supporting structures
under various dentures by reflection photoelasticity. The two-dimensional finite element
method has been widely used in prosthodontic fields such as crown, bridge and implantology.
However these calculations are based on elastic materials and do not take differences
between hard and soft tissue into account®. Stresses in the denture and in the supporting
structures were also calculated by Maeda et al®. They pointed out that the loading condition
of the occlusal force is an important factor determining stress distribution.

In this study, the viscous flow of soft tissue was considered, and the time dependency of
stress distribution in supporting structures was simulated by the visco-elastic finite element
method. This analysis was helpful in revealing the effect of viscous flow of the soft tissue on
stress distribution in the supporting structures and on the deformation of the denture. The
effect of viscoelastic deformation in soft tissue was discussed relating to denture movement.
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MATERIALS AND METHODS

Viscoelastic behavior under a unidirectional load is commonly described by the general-
ized Voigt model as shown in Fig. 1. The basic formulation of the visco-elastic finite element
method used in this study was reported in detail by Yamada®.

Figure 2 shows the calculation of visco-elastic analysis. The outline of the calculating
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Fig. 1 A generalized Voigt model.
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Fig. 2 The flow-chart for computation of a viscoelastic deformation by finite element
methods.
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procedure follows. The loading time was divided into small time steps, 4t apart. Assuming
the increase in the strain during each time step, 4¢, was constant, the strain rate was
calculated from the creep compliance and viscosity of the material. The incremental stress,
Ao (t), was calculated for 4¢ as follows :

{40 ©)= (D ®) (de ©) — (da) 4t ®

where, (D (t)) is the stiffness matrix calculated from the strain rate for every time step ;
de (¢) is the incremental strain during 4¢ ; and 4o, is the apparent incremental stress. Then
the initial stress and strain rate, 4o (¢#) was calculated by the elastic calculation®. The stress,
o (1), was calculated for every time step using the stress calculated from the previous time
step and the incremental stress of the stage as follows.

{o = {ot-1} + {do@®)} @)

Two dimensional plane stress analysis was used in this study. The model composed of
materials such as the upper denture base, soft tissue, cortical bone and cancellous bone (Fig.
3)”, was divided into 269 elements with 158 nodes as shown in Fig. 4. The mechanical
properties of the materials used were quoted from reports by Tanaka® and Lavernia et al.?,
as shown in Table 1. Viscoelastic deformation was computed under a constant loading force
of 49 N at three different loading positions as shown in Fig. 4: (1) loaded on the buccal side
of the residual alveolar crest (point B), (2) loaded on the residual alveolar crest (point C), and
(3) loaded on the palatal side of residual alveolar crest (point P).

Transient stress with load was calculated during 3 s by an incremental time step method
as shown in Fig. 2. Here the loading time, 3 s, was divided into 0.1 s periods.
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Fig. 3 The simulation model of the upper denture, soft tissue, cortical bone and
cancellous bone.
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Fig. 4 Mesh pattern and loading conditions. The points B, C and P represent the
buccal, central, and palatal loading points, respectively.

Table 1 Mechanical properties

Material Young’s modulus (MPa) Poisson’s ratio
Resin 1960 0.3
Cortical bone 13400 0.3
Cancellous bone 690 0.3

Viscoelastic properties of the soft tissue

Modulus (MPa) E. = 1.1
E,. = 1.2

Viscosity (MPa -« s) 7. = 18.0
7 =250.0

RESULTS

Displacement of denture

Figure 5 shows the results of the displacement of the denture at 0.1 s after loading. The
magnification of the displacement is two times as large as the calculated dimensional change.
The denture moved vertically and rotated to the buccal side. The horizontal movement was
smaller than the vertical translation.

Figure 6 shows denture displacements with the three different loading conditions.
Displacement of the denture is represented by the movement of the occlusal table edge at the
buccal side at 0.1 s and at 3 s after loading. The denture loaded on B was unsuitable because
it was the most unstable of the three calculated models. The displacement in both directions
bacame smaller when the loading point moved from B to P.

The displacement of the denture in both directions increased with time for all the loading
conditions. The increasing rate of displacement after 3 s was approximately constant and not
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Fig. 5 Displacement of the denture. The displacements are represented at a
magnification of two for the calculated results. Solid lines show the initial
position of the materials. Broken lines show the displacement at 0.1 s after
loading. Points B, C and P represent the buccal, central, and palatal loading
points, respectively.
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Fig. 6 The displacement of the occlusal table edge at the buccal side (Point A) under
different loading conditions. Boxes show the displacement at 0.1 s after loading.
Shadowed boxes show the displacement at 3s after loading. B, C and P
represent the buccal, central, and palatal loading points, respectively.

as high. The denture with load on P was the most stable in the mouth because the distance

and rate of movement were lowest.

Equivalent strvesses in supporting structures
Figure 7 shows equivalent stress distributions in the supporting structures at 0.1 s after

loading. The equivalent stress ranged from 40 to 530 kPa in soft tissue. Stress concentrated
at the local area under the buccal flange of the denture and above the residual alveolar crest.
The stress on the cortical bone ranged from 240 to 3800 kPa. The buccal slope in the residual
alveolar ridge acted as a stress concentrator. The stress intensity in this area was the highest
in the supporting structures. Equivalent stress in the cancellous bone ranged from 80 to 340
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Soft tissue

Fig. 7 Stress distributions in supporting structures at 0.1 s after loading under three
loading conditions. The points B, C and P represent the buccal, central, and
palatal loading points, respectively.

kPa. The palatal slope in the cancellous bone concentrated stress but not as high.

The loading condition affected the stress distribution and intensity. As the loading point
shifted from B to P, the stress distribution became uniform.

Figure 8 shows equivalent stress distributions in the supporting structures at 3 s after
loading. These stress distributions were similar to those at 0.1 s after loading as shown in
Fig. 7. However, the areas of stress concentration, in soft tissue and in cortical bone,
expanded to the palatal side and equivalent stress intensities increased with elapse of loading
time.

DISCUSSION

One of the mechanical factors determining bone resorption and morphological changes
in residual alveolar bone is the stress intensity in the supporting structures??. Visco-elastic
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Soft tissue

Fig. 8 Stress distributions in supporting structures at 3s after loading under three
loading conditions. B, C and P represent the buccal, central, and palatal loading
points, respectively.

finite element stress analysis is a helpful method to investigate the biomechanical problems.
The simulations were computed under these four assumptions : (1) deformation of the soft
tissue was represented by the Voigt four element model, and constants of the elements were
taken from Tanaka® ; (2) recent studies of chewing force have reported values of 10.6 —
22.0 N9 and 17.6 — 44.7 N but in this study, external force to the denture was assumed to
be 49 N, reportedly the maximal chewing force for denture wearers'? ; (3) simulation was
computed for 3 s, because the structures undergo almost no further deformation with longer
times ; (4) the soft tissue and the denture base were assumed to connect, i. e., slip allowed to
each other.

Results of load simulation on the occlusal table showed that the buccal slope of the ridge
was the stress concentration area. The stress distributions of these simulations agreed with
Maeda and his coworker’s observations®. The rotation of the denture around a fulcrum on
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the palatal side of the ridge induced a high stress intensity in the buccal slope of the soft
tissue and cortical bone as shown in Fig. 5. The denture was sustained by the buccal slope
of the residual alveolar ridge. ,

The denture moved gradually over the 3 s loading time. Stresses in the alveolar crest and
along the palatal side of the ridge increased with time. Tables 2 and 3 show the equivalent
stress values in typical elements of the supporting structures shown in Fig. 9. Stresses
became uniform with time. These results indicate that the denture was sustained not only by
the buccal side but also by the palatal side of the ridge after 3s. The viscous flow of soft
tissue plays an important role in stress distribution, that is, the soft tissue is one of the human
protective mechanisms against outside forces.

Functional occulusal forces during chewing and swallowing are related to many factors
such as denture design and the material of the denture base. It is hoped that the method
developed for this study will prove a useful tool for improving the design of prosthetic
appliances and artificial teeth. The direction of external force to the denture is a significant

Table 2 The relationship between the loading position and quivalent stress in each
structure at 0.1 s after loading

B C P
Bu Cr Pa Bu Cr Pa Bu Cr Pa
Soft
tissue 630 300 310 540 280 310 440 250 310
Cortical ’
bone 3200 1140 960 2710 1120 1060 2220 1030 1170
Cancellous
bone 200 100 230 180 90 220 160 90 220
unit : kPa

B, the loading point was at point B; C, the loading point was at point C; P, the loading point
was at point P ; Bu, typical elements in the buccal side ; Cr, typical elements in alveolar crest ;
Pa, typical elements in the palatal side.

Table 3 The relationship between the loading position and equivalent stress in each
structure at 3 s after loading

B C P

Bu Cr Pa Bu Cr Pa Bu Cr Pa
Soft
tissue 630 320 320 540 290 320 440 250 320
Cortical
bone 3200 1420 990 2710 1230 1080 2230 1040 1180
Cancellous
bone 200 100 230 180 90 220 160 90 220

unit : kPa

B, the loading point was at point B; C, the loading point was at point C; P, the loading point
was at point P; Bu, typical elements in the buccal side ; Cr, typical elements in alveolar crest ;
Pa, typical elements in the palatal side.
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Buccal slope Alveolar crest Palatal slope

Fig. 9 Position of the typical elements in each structure.

factor in denture movement and stress distribution in the supporting structures.

Figures 5, 7 and 8 indicate that the movement of the denture determined stress distribu-
tion in supporting structures. Therefore, large movement of the denture causes high local
stress in supporting structures. In general, the limits to enduring stress without pain in the
soft tissue ranged from 686 kPa to 1372 kPa!?. The stress at the buccal slope in soft tissue
under loading on B (630 kPa) is the same as the enduring stress (686 kPa) shown in Tables 2
and 3. Comparing the loading condition of P with that of B, differences in stress on the
busccal side’s soft tissue and cortical bone were about 30 % and the difference in the
cancellous bone was about 20 % as shown in Tables 2 and 3. There differences in stress are
clinically significant. It is preferable to design a denture on which the functional occlusal
force acts like the model presented in loading condition P. For this purpose, the upper
artificial posterior teeth can not be shifted towards the palatal side of the alveolar crest,
because the lower artificial teeth have to be arranges towards the buccal side of the alveolar
crest to keep tongue space. Considering stability of the denture and stress distribution on
supporting structures, the loading point should be set towards the palatal side of the alveolar
crest. These results agreed with Pound’s lingualized occlusion theory'®.

CONCLUSIONS

Transient stress distributions in supporting structures during mastication were simulated
by the finite element method. Movement of the denture and stress distributions in supporting
structures were calculated under the condition of a vertical load of 49 N.

At 0.1 s after loading, the denture moved vertically and rotated to the buccal side. Stress
concentrated at the local area beneath the flange of denture and above the alveolar crest in
soft tissue. The moat stressed area in the cortical bone was the buccal slope of the residual
alveolar ridge. At 3s after loading, the displacement of the denture increased and stress
concentrated areas extended to the palatal side.

As the loading point moved from the buccal side of the residual alveolar crest to the
palatal side, the denture became stable and the stress distribution in the structure became
uniform.

These results suggest that viscous flow and loading conditions affect the stress distribu-
tion in the supporting structures.
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