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Three-Dimensional Finite Element Analysis of the
Effect of Incomplete Seating of Cemented Fixed
Dental Prostheses
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Abstract - This study investigated the stress distribution patterns of two finite element models of a stylized fixed dental
prosthesis-cement-abutment tooth system, one with the prosthesis completely seated and the other manipulated to be
incompletely seated. Maximum equivalent von Mises stress varied according to direction and location of load, with
vertical loading of the pontic of the completely-seated FDP (2.9 MPa) and oblique loading of the premolar of the incom-
pletely-seated FDP (80.8 MPa) producing the least and the bighest values, respectively. Total deformation of the restored
system showed variations, although different cements had minimal effect on stress and on deformation. Under the
conditions studied, a fixed dental prosthesis that bad not been verified as fully seated on its abutments prior to cemen-
tation, could, with repeated loading cycles, be predicted to suffer a greater risk of fatigue, and thus clinical failure.
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INTRODUCTION

The clinical and technical processes involved in the con-
struction of a fixed dental prosthesis (FDP) should theo-
retically ensure its exact seating on the abutment teeth. In
practice this is seldom the case, and ‘clinical acceptability’
is the conventional term that guides standards of care!. Ac-
cepted clinical protocols require that an imperfectly seated
or ‘rocking’ FDP be corrected before cementation. Failure
to do so would detract from achieving good marginal fit
and casting-to-abutment adaptation. Good marginal fit of
FDP retainers is generally regarded as an important require-
ment for successful treatment®*. Marginal deficiencies have
been linked to fracture and dissolution of luting cement,
and secondary caries*>”.

Although geometric form is widely regarded as a key factor
to be designed into any non-adhesively-cemented restora-
tion for it to resist dislodgement by functional stresses®,
some studies have questioned the absoluteness of such
a relationship™® . Firstly, the stabilizing property of FDP
abutments with increasing taper is a progressive, rather
than an all-or-nothing phenomenon, as is generally held!.
Secondly, close adaptation of casting to abutment, and
thus minimum and even cement film thickness, are key to
achieving resistance; it follows that uneven and thick ce-
ment interfaces, as would occur with incompletely-seated
retainers, could potentially affect resistance by altering
the distribution and transmission of functional stresses
within the restoration-abutment complex'*3. However,
whereas the effects of marginal discrepancies have been
investigated, little is known about the interfacial stresses
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that may be induced, and, more importantly, how they
might contribute to clinical failure. For reasons similarly
linked to possible biomechanical complications, implant
restorations which exhibit ‘misfit’ have attracted much
research interest'!”.

The complexities of the clinical scenario described make
the problem difficult and expensive to investigate by clini-
cal trials. Two-dimensional finite element analysis (FEA)
has been used to characterize the effect of occlusal forces
on stress magnitudes and distribution in the luting cement
beneath (fully-seated) full coverage restorations™®", but
more advanced computer modelling techniques that allow
three-dimensional (3-D) manipulation of clinical variables
are needed when the structures under investigation are not
easily simplified, or are non-axisymmetric®.

This 3-D FEA study investigated the magnitude and dis-
tribution of stresses of a mathematically-modelled 3-unit
posterior cast metal FDP, a variant of which was systemati-
cally manipulated to produce a controlled level of incom-
plete seating (or ‘misfit’) in relation to its abutments, after
cementation with different luting cements and loading
under different conditions.

MATERIALS AND METHODS

A 3-D computer-aided design (CAD) model of a stylized
3-unit gold alloy FDP, cemented onto a mandibular second
premolar and second molar as abutments, was created us-
ing SolidWorks 2005. The overall dimensions of the model
were 32 mm mesiodistally, 10 mm buccolingually, and
24 mm superior-inferiorly. Tooth dimensions were each
22 mm in length, while prepared crowns were 5 mm in
diameter for the premolar and 9.6 mm mesiodistally and
6.8 mm buccolingually for the molar (measured at the
tooth preparation margin). Abutment preparations had a
6° taper with all line angles except the cavosurface margins
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rounded to a radius of 0.5 mm. A circumferential prepa-
ration margin of 0.5 mm in width was modelled, so that
minimum retainer thickness was 0.5 mm, reaching up to
2 mm in occluso-axial areas. Mean connector dimensions
were 3 mm (horizontally) by 5 mm (vertically), and 4 mm
(horizontally) by 5 mm (vertically) for the mesial and distal
ends of the pontic, respectively. Cement film thickness was
set at 0.1 mm in the fully-seated model.

The CAD model was imported into ANSYS 11.0 for conver-
sion to a finite element (FE) model (Fig. 1). The following
were assumed: 1. tooth enamel on both abutments was
completely replaced by the retainers; 2. all material sur-
faces were perfectly smooth and without flaw; 3. interfaces
were bonded perfectly, without delamination; 4. retainers,
cement and teeth were homogeneous, linear elastic and
isotropic; and 5. there were no fatigue effects.

A variant of the first CAD model, in which the molar abut-
ment was positioned 0.1 mm occlusally along its long
axis, represented a case of an incompletely-seated FDP,
assuming the FDP to have been seated in a vertical path
(as it would also be in the fully-seated scenario). A further
assumption of the model was that, whereas the fully-seated
model would have had a cement film thickness that was
uniform for both abutments, the incompletely-seated ver-

sion did not: instead, it was determined by geometrically-
induced factors. Other than the systematic ‘extrusion’ of
the molar abutment in the incompletely-seated variant, no
other displacements of roots were permitted.

Zinc phosphate and resin cements were investigated,
representing examples of high and low elastic moduli,
respectively. Table 1 lists the mechanical properties of the
materials used to construct the FE models. A vertical load
of 70 N was applied alternately to the molar, the pontic
and the premolar to study the effects on the structures of
each of the fully- and incompletely-seated FDPs. A 45°
load of the same magnitude was similarly applied to study
the effect of oblique, non-axial loading. The structure was
constrained at the outer surfaces of the cortical bone, while
the teeth, FDP, cement and the inner surface of the corti-
cal bone were free too deform. No periodontal ligament
was included, which, being less constraining to the tooth,
would have reduced the reaction to loading at the tooth
and FDP levels, so leading to lower stresses. By omitting
the periodontal ligament, the scenario which we studied is,
therefore, the worst case in terms of induced stresses and
strains. For the same purpose of investigating exclusively
the passive response of the materials in question, cancel-
lous bone was excluded from the model.
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Figure 1. Three-dimensional finite element model of fixed dental prosthesis on two abutments
includes a simulated monolithic prosthesis, a cement layer, and cortical bone. No periodontal
ligament, cancellous bone or pulp space were modelled.

Table 1. Material properties®

Material Elastic modulus Poisson’s ratio  Ultimate tensile stress
E (GPa) v UIS (MPa)

Dentine 16.0 0.31

Type III gold alloy 100.0 0.33

Zinc phosphate cement 13.7 0.33 9

Resin cement 8.0 0.33 40

Cortical bone 14.7 0.30
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Results were displayed as stress contour plots to indicate
regions of maximum stress concentration. Stress distribu-
tions for each of the conditions were compared qualita-
tively to permit detection of factors that could be predic-
tive of cement microfracture, and thus of clinical failure.
Because of the large number of models, only summaries
of the results are presented, focusing on the variables that
could lead to cement microfracture. Statistical analyses in
computer-simulated FEA studies are rarely applied given
their inherent invariance, which also obviates the need for
repeated calculations®.

RESULTS

Maximum equivalent von Mises stress for the completely-
seated scenarios subjected to a vertical load were gener-
ally low, regardless of whether load was applied to the
molar, the pontic or the premolar (Table 2). Maximum
stress concentrations were at the inferior aspect of con-
nectors, and, depending on the location of loading, also
at the cervical margins, albeit with a lower level of stress
(Fig. 2). Total deformation in any part of the structure was
minimal, but it should be recalled that the model excluded
a periodontal ligament (Fig. 3). Presence of zinc phosphate
or resin cements had little effect on levels of stress and
deformation.

Maximum equivalent von Mises stress increased substan-
tially when an oblique load of 45° was applied to any of
the units of the completely-seated FDP. The cement would
seem to accommodate the load by allowing the FDP to
rotate relative to the tooth, appearing to be compressed
on the loaded side, with opening of the margin on that
side; on the opposite side there is closure of the margin
(Fig. 4). Deformation was also greater than in the verti-
cally-loaded system.

In the incompletely-seated scenario, with the molar posi-
tioned occlusally by 0.1 mm, loading the molar vertically
caused it to behave much as in the fully-seated situation.
Little stress was produced at the premolar because the
deformation was taken up at the connector between
the pontic and premolar. However, as load was applied
more anteriorly on the pontic and the premolar, stress
distributions changed substantially in the presence of a
‘cantilever-like’ situation (and which the absence of a
periodontal ligament also accentuates). In this scenario,
maximum equivalent von Mises stress ranged between
7.2-46.9 MPa (Table 2).

The biomechanics became more complex when the incom-
pletely-seated FDP was loaded obliquely, with maximum
equivalent von Mises stress increasing substantially to 80.8
MPa (concentrated at the connectors) when the premo-
lar of the resin-cemented FDP was loaded (Fig. 5). Total
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Figure 2. Equivalent von Mises stress distribution within the completely-seated 3-unit FDP cemented with zinc phosphate under

70N vertical load applied to the molar only.

Note: Since the actual deformation would not be visible to the observer; it is customary with FEA to display results in
magnified form (to the order of x200 in this case). The shadow indicates the baseline position.

Table 2. Maximum equivalent von Mises stress (MPa) for completely- and incompletely-seated fixed dental prostheses
under different conditions of load directions and points of application and different cementing materials

Completely-seated

Incompletely-seated

Load 90° Vertical 45° Oblique 90° Vertical 45° Oblique

Cement ZnP Res ZnP Res ZnP Res ZnP Res
Premolar 8.2 8.1 52.0 54.0 46.1 46.9 78.4 80.8
Pontic 3.0 29 28.3 29.6 30.1 33.0 45.0 46.9
Molar 5.7 5.6 41.7 43.0 7.4 7.2 42.2 43.8

ZnP=Zinc phosphate cement; Res=Resin cement
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Figure 3. Total deformation of the completely-seated 3-unit FDP cemented with zinc phosphate under 70N vertical load ap-

plied to the molar only.

Note: Since the actual deformation would not be visible to the observer, it is customary with FEA to display results in
magnified form (to the order of X200 in this case).The shadow indicates the baseline position.

Figure 4. Bucco-lingual section showing equivalent von Mises stress distribution within the completely-seated 3-unit FDP cemented
with zinc phosphate under 70N oblique load applied to the molar only.There is opening of the margin on the loaded side and
closing on the opposite side.

Note: Since the actual deformation would not be visible to the observer, it is customary with FEA to display results in
magnified form (to the order of x200 in this case). The shadow indicates the baseline position.

deformation was correspondingly large, with the cement
allowing rotation of the FDP to produce displacements in
the horizontal plane (the molar acting as a vertical axis
for clockwise movement, Fig. 6a) and vertical plane (the
opposite margins most likely acting as fulcra, Fig. 6b). As
before, cement had only a small effect due to the difference
in stiffness. When the pontic and molar of the incompletely-
seated FDP (cemented with resin cement) were loaded
obliquely, von Mises stress was 46.9 MPa, less than when
the premolar was loaded, and again concentrating stress at
the connectors as in the completely-seated scenario.

DISCUSSION

The general consensus from follow-up studies of FDPs
placed in a variety of clinical settings is that secondary
caries is the commonest cause of failure, followed by me-
chanical failure, in particular loss of retention**. Further-
more, secondary caries and loss of retention are frequently
associated with the same clinical failure?.

In this regard, the possible ways in which stresses may
be induced in the cemented FDP system are pertinent. Of
these, errors introduced during the fabrication process,
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Figure 5. Equivalent von Mises stress distribution within the incompletely-seated 3-unit FDP cemented with resin cement under

70N oblique loading applied to the premolar only.

Note: Since the actual deformation would not be visible to the observer, it is customary with FEA to display results in
magnified form (to the order of X200 in this case). The shadow indicates the baseline position.

be they at the clinical or laboratory stages, are important.
For example, structural design faults of FDP frameworks
such as under-dimensioning of connectors can arise from
space shortages®. The cyclic flexure of the structure that
might then occur, even in normal function, can lead to
fatigue failure in the luting cement layer®'. Our finding that
connectors showed maximum stress concentration even
when their modelled dimensions easily exceeded minimum
recommendations, confirms the importance of connectors
in structural design.

Another way in which stresses might be induced is by ce-
menting a FDP that was not verified as being completely
seated prior to cementation. It was on the possible effects
of this type of ‘misfit’ that our study focussed. Using the
FEA method, the predictive potential for failure of poorly-
fitting compared to well-fitting FDPs was assessed. FEA
does so by indicating the physical response of the system
to a given load®. The results reported here are for von
Mises stress, which is a combination of stress components
in all directions over all planes at a particular point, thus
identifying the most likely place for material fracture, and
thus failure, to occur.

While relatively little is known about the biomechanical ef-
fects of incompletely-seated FDPs, implant ‘misfit’ has been
quite extensively investigated. Results for implants have,
however, been equivocal®'7%, Thus, the clinical relevance
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of the presumed implications of implant ‘misfit'* is unclear

since clinicians do not know the effects of non-passive fit,
nor the threshold of ‘misfit’ beyond which damage might
occur?. With tooth-supported fixed prostheses still being
far more widely prescribed than implant-supported ones®,
these questions would seem to be at least as important
for conventional prostheses as they are for implant-sup-
ported ones.

Our overall findings confirmed the importance of good
fit as shown by the generally low levels of maximum
stress and deformation seen when the FDP was vertically
loaded. Loading directly onto an abutment not surprisingly
concentrated stress at that tooth, with any load transmis-
sion from this point to the rest of the system taking place
through the connectors. When the pontic was loaded,
flexure occurred, causing opening of the most distal and
mesial margins of the FDP, and closure of those approxi-
mating the pontic area. In this regard, the importance of
proper connector dimensioning for limiting such flexure
has been discussed® .

The role of smaller cross-sectioned components, such as
connectors, acting as mechanical isolators was clearly a
strong influence in our model due to the omission of the
periodontal ligament. This was considered both necessary
and reasonable for the purpose of modelling a system that
would permit less movement of the FDP system in order
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6b.

Figure 6. Directional deformation in the (a) horizontal (X) and (b) vertical (Y) planes of the incompletely-seated
3-unit FDP cemented with zinc phosphate under 70N oblique loading applied to the premolar only.

Note: Since the actual deformation would not be visible to the observer it is customary with FEA to display
results in magnified form (to the order of x200 in this case). The shadow indicates the baseline position.
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to observe the passive material response rather than one
modified by the influence on the structure of a less con-
straining periodontal ligament. On the same basis, cancel-
lous bone was omitted from the model, with the role of
cortical bone being solely to constrain the movement of
the roots and the outer limits of the structure. In addition,
omission of the pulp as a void has been shown to have
no effect on the magnitude of the coronal stress field®.
In clinical terms, this set of boundary conditions is likely
to represent a prosthesis that has been loaded relatively
heavily causing the tooth to ‘bottom out’ in the alveolar
housing®. Notwithstanding the fact that this represents a
worst case scenario in terms of stresses and strains, the
biological conditions that give rise to physiological tooth
mobility*!, and their potential to permit apparent seating
of an incompletely-seated FDP, are clearly relevant and
needs further study.

Application of an oblique load in the completely-seated
scenario increased stress and deformation. In this regard,
certain conclusions from experimental data relating to im-
plants may be applicable to conventional fixed prostheses,
viz. the force vectors applied to teeth during function are
multi-vectorial, ranging from fully vertical through horizon-
tal, and with the transverse forces considered most detri-
mental because of the relative weakness of the components
in tension and shear®. In a study investigating the effect
of implant offset on induced stress in supporting bone, a
15° change in angle of force application produced a more
than 3-fold increase in von Mises stress with a prosthesis
of 6 mm in height®. Such a pattern was also observed in
the present study with stress increasing up to 10-fold when
the direction of load changed from 90° to 45°.

It has been shown that the mechanical properties of the
luting cement play a vital role in the concept of resistance'.
Even though the cement interface is never subjected to
purely compressive stresses, the greater the compressive
component, the greater is the abutment’s capacity to sta-
bilize the cemented restoration®. The portion of an abut-
ment’s surface that is subjected to a range of compression
and shear stresses will vary with the prevailing functional
(and parafunctional) force vectors, and when the physical
properties of the cement become insufficient to withstand
repeated loading, the cement lute fails. More specifically,
when the integral of the compressive force vectors de-
creases below a given threshold level for the system in
question, the cement lute becomes overstressed in terms of
its resistance to repeated compressive forces. According to
this concept, the threshold level would largely depend on
the cement’s resistance to fatigue in compression'. In this
regard, a thin, uniform film of zinc phosphate luting cement
has been shown to withstand fatigue fracture after repeti-
tive loading®'. These reports notwithstanding, however, the
basic difficulty of predicting long-term clinical performance
from short-term laboratory tests remains®.

Incompletely-seated FDPs showed generally higher stress
values than fully-seated FDPs, and much more so when
obliquely loaded. The worst case scenario, as simulated
by our model using single cycle loading, predicts the most
likely areas of failure of the system, viz. the cement, in terms
of ultimate strength. However, clinical situations involve
low stress and significant cyclic loading, which means that
cement failure would best be predicted in terms of fatigue.
The ability of a material to withstand an infinite (or very

132

large) number of cycles without failing is defined by its en-
durance limit. Although many factors affect the endurance
limit, for many materials it is at about 40% of its ultimate
strength®. Ultimate tensile strengths (UTS) of the cements
used in this study were 9 MPa and 40 MPa (Table 1). This
means that cyclic loads as low as 3.6 MPa could lead to
fatigue fracture. In our study, only the vertically-loaded
scenarios produced maximum equivalent von Mises stress
values which were lower than, or of the order of, the esti-
mated endurance limit. The endurance limit of resin cement
(16 MPa) was more favourable in terms of resistance to
fatigue failure. Under oblique load, and especially for the
incompletely-seated case, stress values were much higher
than the endurance limit, easily exceeding even the UTS
of both cements. Although 70 N is not at the upper limit
of occlusal loading, the worst case scenario simulated by
our model would have accentuated the responses seen. In
this regard, FEA, like any other basic research method, is
used as an initial step and as an aid for planning further
laboratory tests and clinical projects that will reduce the
assumptions, and thus the inaccuracies, inherent with the
FEA method.

Of the cements included in this study, zinc phosphate
had the worst combination of values, viz. a high elastic
modulus and relatively low UTS, which could lead to ce-
ment microfracture. Resin cement, with its medium elastic
modulus and high UTS, could be a better choice for resist-
ing microfracture in the clinical situation, and especially so
when casting-to-abutment fit is less than optimal, as this
study sought to simulate. However, clinicians will be aware
of the numerous other factors that need to be considered
when making clinical choices. One of these, in the case
of resin cements, is its relative lack of long-term clinical
data compared to zinc phosphate cement®'.

CONCLUSIONS

Within the scope of this finite element analysis, the fol-
lowing conclusions were drawn:

1. Vertical loading of the completely-seated FDP produced by
far the lowest stress to any part of the restored system.

2. Stress increased markedly with an oblique load of 45°, and
also varied according to the point of load application.

3. The incompletely-seated FDP exhibited highest maxi-
mum stress, and was greater the closer the point of load
application was to the location of the ‘misfit’; a ‘canti-
lever-like effect’ amplified the effect of the ‘misfit’.

4. 'The combination of oblique load and ‘misfit’ suggested
a potential for fatigue failure of the luting cement.
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