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Fracture is a stunningly frequent complication of 
resinous prostheses.1–10 Patients with fixed or 

 removable resinous prostheses may exert consider-
able masticatory force.11–13 Masticatory function is 
thought to produce slow crack growth in resinous 
denture bases through cyclic flexural fatigue.14–18 

Once a crack reaches a critical size, applied stresses 

may initiate long crack growth, causing sudden cata-
strophic failure.19 Factors that increase stress con-
centrations are likely to predispose prostheses to 
fracture. Abrupt changes in contour associated with 
frenal notches; discontinuities associated with pros-
thetic teeth, pinholes, defects, or inclusions; and 
 residual stresses may all localize stresses.7,10,16,18,20–24 

Fractures often occur close to overdenture abutment 
teeth or implants,7,10,23–25 which are obvious causes 
of stress localization. Fractures may also occur when 
a patient drops a prosthesis onto a hard floor or an 
empty basin during hygiene procedures.1,16 In these 
cases, impact stresses may cause abrupt long crack 
growth. Likewise, such fractures are likely to be initi-
ated in areas of stress concentration.15,16,18

New highly cross-linked polymeric materials, stron-
ger than the long-used methyl methacrylate resins, 
have become widely available. Improved processing 
techniques may offer additional strength and unifor-
mity within the denture base.26 Inclusion of metal or 
fiber reinforcements holds much promise, but has not 
yet received clinical validation.27–29 Discontinuities 
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Purpose: Fracture is a frequent complication of resinous prostheses. The purpose 
of this study was to evaluate the effect of thickness on flexural strength of a resinous 
prosthesis containing a prosthetic tooth. Materials and Methods: Beam-shaped 
specimens 65-mm long, 12-mm wide, and 1, 2, 3, 4, or 6 mm in thickness were 
made from high-impact strength polymethyl methacrylate denture base material, 
each containing a resin-based molar prosthetic tooth at the center of the beam. 
A group of 3-mm-thick specimens without a prosthetic tooth (n = 7) were also 
made. Specimens were aged artificially, loaded in three-point flexure, examined 
fractographically, and analyzed. Results: The 1- and 2-mm-thick beams underwent 
considerable deformation at low loads. Maximum loads varied considerably from 
0.6 kg (1-mm beams) to 38 kg (6-mm beams). The 3-, 4-, and 6-mm beam groups 
all underwent brittle fracture, with mean relative flexural strengths of approximately 
73 MPa. Denture teeth reduced the relative flexural strength of resin beams by 0.7×. 
Fracture initiation sites were generally at tiny surface defects, but did not directly 
involve denture teeth. Denture resin fracture toughness was 3.2 MPa m1/2, and 
modulus of rupture was 104 MPa. Conclusion: Denture teeth substantially decreased 
the strength of resinous beams. Increased thickness markedly increased the load-
bearing capacity of resinous beams containing denture teeth. Beams less than 2 mm 
in thickness with denture teeth were weakened substantially more than comparable 
beams of 2 mm or more in thickness. Surface finish was of critical importance. 
Fracture toughness was calculated fractographically, facilitating future forensic 
examination of clinically failed resinous prostheses. Int J Prosthodont 2012;25:53–59.
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introduced by metal reinforcements can increase 
stiffness and strength, but may also have some coun-
terproductive effects in increasing stress concen-
trations and decreasing the volume of the resinous 
bulk of the prosthesis.24,30 Fiber reinforcements can 
complicate processing techniques and create unde-
sirable surface roughness if they meet the surface of 
the prosthesis. Research has focused on improving 
the adhesion of denture teeth to denture base resins. 
However, despite these improvements, fractures still 
occur.

Until effective reinforcements are validated 
clinically,  knowledge of the effect of base thick-
ness on fracture resistance will guide the clinician in 
choosing an appropriate thickness of denture base 
resin. However, base thickness may be constrained by 
abutments, denture teeth, and patient comfort. Many 
studies have measured the strength and toughness 
of denture base polymers.23,31–35 However, such stud-
ies rarely included key stress-concentrating elements 
such as prosthetic teeth. Therefore, it is difficult to 
relate such studies to clinical situations. Other stud-
ies have included a complex “natural” geometry14,18; 
however, this prevents the isolation of specific vari-
ables, such as base thickness, from the influence 
of a specific geometric conformation. Therefore, a 
study evaluating the effect of thickness on strength 
of a resin beam containing a stress-concentrating 
discontinuity associated with a denture tooth was 
conducted.

The purpose of this study was to evaluate the effect 
of thickness of a resinous beam containing a pros-
thetic tooth on flexural strength.

Materials and Methods

Experimental Model

Because stress analyses have indicated that tensile 
stresses are predominate on occlusal aspects and 
polished surfaces of dentures,12,18,20,36–38 the cur-
rent system used a three-point beam design to place 
the simulated intaglio surface in compression and 
the occlusal aspect of the beam in tension (Figs 1 
and 2). Because fractures frequently involve stress- 
concentrating elements such as prosthetic teeth, a 
prosthetic tooth was placed in the central portion 
of each beam.4–6,10,18,21–24 Although most resinous 
prostheses contain multiple prosthetic teeth, a single 
tooth was used so that the effects of a single vari-
able (denture base thickness) on a well-defined area 
of stress concentration could be evaluated. This was 
simpler than much more complex real-life geome-
tries, but the effects of a prosthetic tooth and denture 
base thickness could be isolated and elucidated. For 
flexural testing, beam-shaped specimens 65 mm in 
length, 12 mm in width, and 1, 2, 3, 4, or 6 mm in 
thickness were made.19,35 Prior studies on span-to-
thickness ratios used for testing brittle materials in 
three-point flexure suggested that a ratio of 5:1 can 
be sufficient.39  Because the beams used in this study 
contained denture teeth, higher span-to-thickness 
ratios were used to decrease the influence of com-
plex shear and compressive forces.39 Additionally, the 
authors validated these ratios, all exceeding 10:1, in a 
pilot study. The beam thicknesses were chosen so as 
to reasonably represent the range of thicknesses of 
typical denture bases.39 Seven beams were made in 

Fig 1  Resin beam specimens. All beams were 65 mm in 
length and 12 mm in width. Thicknesses varied among groups 
(1, 2, 3, 4, or 6 mm).

Fig 2  A beam during testing in three-point flexure. The in-
taglio side of the beam was placed in compression and the 
occlusal surface was placed in tension.
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each thickness; the sample size was chosen following 
estimation of variance from the pilot study and power 
calculations using the Cohen d. An additional seven 
specimens of 3 mm in thickness were fabricated but 
without prosthetic teeth so that the flexural strength 
or modulus of rupture of the resinous denture base 
material could be calculated.

Specimen Fabrication

Beam patterns were generated using Rhinoceros 4.0 
Nurbs modeling software (McNeel North America). 
Wax beams were printed using VisiJet DP 200 cast-
ing material (3-D Production System, 3D Systems). 
A resin- based molar denture tooth (mandibuar 
right first molar; SR Postaris DCL mold PL2, Ivoclar 
Vivadent) was placed in the center of each wax beam 
and  secured using a 0.5-mm wax collar (Figs 1 to 3). 
Thus, the resin bodies of the beams were of full thick-
ness. Natural gingival anatomy was not simulated to 
avoid additional complex stress concentrations, so 
the collars more closely simulated typical lingual, pal-
atal, or proximal contours rather than facial contour. 
The specimens were invested using type 3 dental 
stone (Modern Materials). An injection-molding tech-
nique was used to pack and polymerize a high- impact 
modified polymethyl methacrylate denture base 
 material according to the manufacturer’s instructions 
 (SR-Ivocap High Impact, Ivoclar Vivadent).

Artificial Aging

Specimens were stored in filtered tap water for 10 
days after fabrication to ensure that the specimens 

were hydrated before being subjected to artificial 
aging by thermocycling and mechanical testing.19 

Artificial aging by thermocycling was used to fatigue 
the specimens before testing because prosthesis 
failure is thought to be influenced by mechanical 
 fatigue. Differences in coefficients of thermal expan-
sion  between the prosthetic tooth and base resin 
combined with specimen geometry applied stresses 
to the specimens as they expanded and contracted 
in water. The specimens were artificially aged by 
thermo cycling from 5°C to 55°C for 1,000 cycles with 
a travel time of 30 seconds and dwell time of 120 sec-
onds. This unusually long dwell time was chosen to 
ensure that these large test specimens had time to 
heat up and cool down within each cycle.

Mechanical Testing  

A three-point beam design was used to place the  
simulated intaglio surface in compression and the oc-
clusal aspect of the beam in tension because photo-
elastic stress analysis has indicated that tensile 
stresses are predominate on occlusal aspects and 
polished surfaces of dentures (Fig 2).18,20,36–38 Wet 
specimens19 were mounted in three-point flexure and 
loaded at a crosshead rate of 0.1 inch per minute with 
a span of 60 mm using a screw-driven universal test-
ing machine (model 1122, Instron). The maximum load 
was recorded  in N. Relative flexural strengths (RFS) 
were calculated in MPa as follows: RFS = 3Fl / (2bd2), 
where F = force, l = distance between supports,  
b = width, and d = thickness. Because the teeth likely 
altered stress distributions and prevented midpoint 
fracture, the term relative flexural strength was used. 

Fig 3  A fractured 6-mm-thick specimen. The fracture oc-
curred close to the denture tooth but did not involve the tooth-
base interface. The arrow indicates the source of failure, or 
crack nucleation. The shape and general appearance of the 
white semicircular fracture surface surrounding the source of 
failure includes mirror, mist, and hackle regions. Radial crack 
branching can be seen on the rest of the pink surface. Once 
nucleated, a crack propagates slowly to produce a very smooth 
flat region (mirror region). As the crack continues to spread, it 
accelerates toward its terminal velocity and increases in sur-
face roughness (mist region). As the crack spreads further, 
the excursions become larger and proceed further from the 
principal fracture plane (hackle region). As additional spread-
ing occurs, deviations become large enough to nucleate and 
propagate secondary cracks and branching.
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The fracture surfaces of the tested beams were exam-
ined using a variety of light microscopic techniques 
(brightfield, darkfield, Nomarski, and polarization) to 
identify and study the radii of the fracture origin and 
fractographic patterns, such as the smooth mirror 
zone, mist zone, and hackle fracture zone. Measure-
ments were made using a toolmaker’s microscope 
(Unitron) equipped with digital positioners calibrated 
to 0.1 µm (Boeckler). In specimens where these fea-
tures could be discerned, and which underwent brittle 
failure, fracture toughness, KIC (MPa m1/2), was calcu-
lated using methods previously described for brittle 
dental ceramic materials using the equations listed in 
of the publication by Scherrer et al.40,41

Data Analysis

Mean loads and relative strengths along with their 
associated standard deviations were calculated for 
each beam thickness group and plotted. In the event 
that statistical analysis was useful, one-way analysis 
of variance (ANOVA) was performed to determine 
whether significant differences existed among the 
different thickness groups (P < .05). The Tukey mul-
tiple comparisons test was then used to determine 
which beam thicknesses differed from one another.

Results

Fractography

The 1- and 2-mm-thick beams did not fracture during 
flexural testing. Maximum supported loads were re-
corded. These beams underwent considerable elastic 
deformation of more than 10× their thickness without 
fracturing, at which time the tests were terminated. No 
measurable plastic deformation was evident on load 
versus time plots. The deformation was almost com-
pletely recovered when the specimens were  unloaded, 
indicating that elastic behavior was dominant. 

The 3-, 4-, and 6-mm-thick beams underwent brit-
tle fracture, with no measurable plastic deformation 
evident on the load versus time plots. The fracture-
initiating flaws and the smooth mirror regions of slow 
crack growth could be clearly identified on the 4- and 
6-mm-thick specimens. The fracture-initiating flaws 
were related to minor changes in surface texture, but 
not to color fibers or processing defects. Fractures 
tended to occur within 0.5 mm of the denture teeth, 
but only rarely right against the denture teeth (Fig 3). 
This indicated that the bond between tooth and resin 
largely withstood artificial aging by thermocycling. 
Fracture sites were distributed between the buccal 
and lingual aspects of the prosthetic teeth, indicating 
that the minor asymmetry of the prosthetic teeth was 
unimportant in influencing fracture initiation.

Fracture toughness could be calculated for the 
resinous denture base material in four of the 6-mm-
thick beams. The mean fracture toughness, KIC, was  
3.2 ± 0.3 MPa m1/2.

Maximum Load

Maximum loads varied considerably (over almost 
two orders of magnitude) from 0.6 kg for the 1-mm-
thick beams to 38 kg for the 6-mm-thick beams  
(Fig 4). Despite the presence of the prosthetic teeth, 
the 4-mm-thick beams supported four times more 
load than the 2-mm-thick beams. Among the beams 
containing prosthetic teeth, ANOVA revealed dif-
ferences in maximum load (P < .0001), and mul-
tiple comparisons testing revealed that all thickness 
groups  differed from one another (P < .05).

The 3-mm-thick beams without teeth, fabricated 
to measure modulus of rupture or the true flexural 
strength of the base resin, supported 1.4× more load 
than comparable beams with denture teeth. Thus, the 
presence of denture teeth substantially reduced the 
load-bearing capacity of the resin beams. The slopes 
of load versus crosshead displacement plots for the 
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Fig 4  Maximum flexural loads of acrylic resin beams. The 
solid black bars represent beams with denture teeth; the white 
bar superimposed on the 3-mm-thick group represents the 
3-mm-thick beams without denture teeth. Increased thickness 
markedly increased the load-bearing capacity of resinous 
beams containing denture teeth. The presence of a denture 
tooth substantially decreased the load-bearing capacity of res-
inous beams.
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3-mm-thick beams with and without denture teeth 
did not differ measurably, indicating that these beams 
largely behaved in a mechanistically similar manner 
and that the span-to-thickness ratio was sufficient.

Relative Flexural Strength

ANOVA revealed overall differences in relative flexural 
strength among the beams containing prosthetic teeth 
(P < .0001). However, multiple comparisons testing re-
vealed that the 2-, 3-, 4-, and 6-mm-thick beams did 
not differ significantly from one another, suggesting 
that the presence of a denture tooth influenced these 
beams in a mechanistic manner despite their differ-
ent thicknesses and thickness-to-span ratios (P < .05)  
(Fig 5). The 1-mm-thick beams had a significantly 
lower relative flexural strength than all other groups, 
indicating that the denture tooth  influenced the 1-mm-
thick beams in a mechanistically  different manner. 

The modulus of rupture, or flexural strength, and 
its associated standard deviation for the 3-mm-thick 
beams without denture teeth was 104.4 ± 7.8 MPa. 
Hence, the addition of a prosthetic tooth weakened 
the 3-mm-thick beams by approximately 25% (Fig 5), 
even though crack propagation only rarely followed 
the resin-tooth interface. 

Discussion

How thick should a denture base or a connector of 
a treatment partial denture be? This experiment pro-
vides several insights. First, the 1- and 2-mm-thick 
beams deformed substantially under typical mastica-
tory loads,11–13 suggesting that these thicknesses are 
inadequate for unreinforced stress-bearing denture 
bases or connectors. Deformation is generally thought 
to be a most undesirable property of denture bases or 
major connectors. Second, the markedly lower relative 
flexural strength of the 1-mm-thick beams (Fig 5) sug-
gests that a thickness of 2 mm or more is necessary 

for clinically meaningful mechanical performance. 
Together, these data indicate that thicknesses of more 
than 2 mm are desirable. Pertinently, the 4-mm-thick 
beams supported 3.9× and 1.6× more load than the 
2- and 3-mm-thick beams, respectively, so a small 
increase in thickness can have a profound effect on 
load-bearing capacity. However, few patients tolerate 
palatal bases that are 4-mm thick. Unfilled or unre-
inforced resinous materials may have inherent limita-
tions as denture base materials.

Caution must be used in comparing the loads borne 
by these test beams to clinical situations. However, 
the beams have some relevance to the dimensions 
of prostheses. The test span for the beams was 60 
mm, not unduly different from the cross-arch span 
of a typical complete denture.33 The beam width of 
12 mm was broadly comparable in size to a connec-
tor in a treatment partial denture or to the width of a 
distal cantilever of an implant-supported prosthesis. 
The loads applied were within the range of routine 
masticatory loads. However, substantial differences in 
geometric conformation between these planar beams 
and the complex geometry frustrate general compari-
son. For example, the curved forms of denture bases 
may act as U-beams.

One unusual clinical study on denture deforma-
tion during masticatory function found that increas-
ing denture base thickness from 1 to 2 mm was not 
necessarily accompanied by a reduction in thrust to 
the palatal vault or in bending moments within the 
denture.12 However, stiffer cobalt-chromium bases 
substantially reduced thrust and bending moments.12 
It is possible that the extreme flexibility of the 1-mm-
thick resin base allowed considerable deformation 
and limited the patients’ abilities to masticate. These 
findings also suggest that bases should be more than 
2 mm in thickness.

The addition of prosthetic teeth substantially weak-
ened the resinous beams (Figs 4 and 5), even though 
the teeth were placed on the surfaces of the beams 
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Fig 5  Relative flexural strength of acrylic resin beams. The 
solid black bars represent beams with denture teeth; the white 
bar superimposed on the 3-mm-thick group represents the 
3-mm-thick beams without denture teeth. The 2-, 3-, 4-, and 
6-mm beam groups with denture teeth did not differ in relative 
flexural strength; the 1-mm-thick beams behaved in a mech-
anistically different manner. The presence of a denture tooth 
substantially decreased the relative flexural strength of resin-
ous beams.
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without decreasing their thickness. Furthermore, the 
fractures rarely involved the resin-tooth interface, 
suggesting that this interface remained intact de-
spite storage and artificial aging by thermocycling. 
These findings suggest that the resin-tooth bond 
was not a weak link in this study. Therefore, stronger 
bonding  between the resin and tooth would be un-
likely to improve beam strength. One possible future 
avenue for strength improvement might be to more 
closely match the mechanical properties of denture 
base  materials to those of highly filled denture teeth. 
These findings also indicate that stress concentra-
tion by the denture teeth in the adjacent resin likely 
provided the dominant weakening effect.

The fracture origins, discernable in most of the  
4- and 6-mm-thick beams, were almost always 
 related to minor changes in surface texture adjacent 
to the prosthetic teeth. This finding emphasizes the 
critical importance of care in waxing, processing, 
and polishing  resinous prostheses to create smooth 
surfaces, especially in the complex gingival areas 
 adjacent to denture teeth.

In this study, elastic deformation was dominant; 
this was evident from the load versus time plots 
and from the fractography. Any plastic or perma-
nent defor mation was of too small a magnitude to 
be measurable. In addition, the fractured pieces of a 
single specimen could be seamlessly mated together. 
Likewise, the fractured halves of a mandibular com-
plete denture can often be mated together when mak-
ing an index for repair, suggesting that brittle fracture 
is a  commonly encountered failure mechanism.

For the first time in the dental literature, the frac-
ture toughness of a resinous material was calculated 
using fractographic analyses. Furthermore, simple 
light microscopy was used to identify and measure 
the necessary features. This finding demonstrated 
that forensic examination of clinically fractured resin-
ous prostheses could provide data on clinical fracture 
stresses in the future.40 The fracture toughness value 
obtained in this study for a high-impact material (3.2 
MPa m1/2) was higher than the value of 2.4 MPa m1/2 

previously obtained for a closely related but not high-
impact material (Ivocap Plus) using a three-point 
 flexural test of a notched beam.23,31

The value for modulus of rupture (104 MPA) was 
consistent with prior reports of 102 and 104 MPa 
 before and after thermocycling and 81 MPa for 
 related non–high-impact materials (SR-Ivocap and 
Ivocap, respectively).32,33

The measured fracture toughness and modulus 
of rupture values placed the resinous denture base 
material used in this study among the best of all 
 engineering polymers in a zone coincident with that 

of the nylons in an Ashby plot,42 suggesting that the 
potential for future improvement in unreinforced res-
inous denture base materials is limited. The inclusion 
of various reinforcing materials is a promising avenue 
for future improvements, especially when space for a 
thick denture base is unavailable.

Conclusions

Observing the limitations of this study, the following 
conclusions can be drawn:

 • The presence of a denture tooth substantially 
 decreased the strength of resinous beams.

 • Increased thickness markedly increased the load-
bearing capacity of resinous beams containing 
denture teeth.

 • Beams less than 2 mm in thickness that con-
tained denture teeth were weakened substantially 
more than comparable beams of 2 mm or more in 
thickness. 

 • Crack initiation usually occurred at tiny surface 
 defects close to, but not involving, denture teeth.

 • Fracture toughness was calculated fracto-
graphically, facilitating future forensic examination 
of clinically failed resinous prostheses.
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