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ABSTRACT

Objectives: The inferior mechanical properties and the clinical failure of the denture bases 
could be related to their processing technique and the type of resin used during fabrication. 
Therefore, this study aimed to evaluate and compare the effect of the processing technique on the 
hardness, flexural modulus, and bond strength of the different denture base resins.

Materials and Methods: Three processing techniques were used in the present study to 
fabricate the tested samples; compression-molded fabrication method “control group”, and two 
different three-dimensional (3D) fabrication methods (CAD/CAM milled “subtractive”, and 3D 
printed “additive”). The samples used in this study fabricated with different dimensions according 
to the type of test (hardness, flexural modulus, and shear bond strength).

Results: The results of hardness and flexural modulus revealed that; the CAD/CAM milled 
samples showed statistically significant higher hardness and flexural modulus values followed by 
the conventional compression molded and 3D printed respectively. While the results of shear bond 
strength showed no statistically significant difference among the three different processing methods. 

Conclusion: the processing technology has a significant effect on the hardness and flexural 
modulus of the material. While there is no effect to the fabrication technique on the teeth bond 
strength. 
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INTRODUCTION 

Fabrication of the acrylic denture bases from 
heat-cured polymethyl methacrylate (PMMA) 
by compression molded technique still the most 
popular choice for clinicians in the dental office (1). 
The popularity of this fabrication method in denture 
bases construction is gained due to its simplicity, as 
well as this technique needs only simple processing 
equipment (2). Moreover, its low cost, ease of repair, 
relative higher mechanical properties, low density, 
and acceptable esthetic favored their popularity 
over other processing techniques (2,3).

However, the recent fabrication methods were 
introduced in the dental practice such as the injec-
tion-molded method and the revolutionized comput-
er-aided design and computer-aided manufacturing 
(CAD/CAM) digital method (4,5). The digital method 
enables automated fabrication of 3D denture base 
by the utilization of different materials with dif-
ferent mechanical and physical properties (6,7). The 
CAD/CAM digital fabrication technique utilizes 
the fabrication of the denture base by either milling 
“subtractive” or three-dimensional (3D) printing 
“additive” methods (8,9).

The fabrication of denture bases by digital meth-
ods has different advantages such as the production 
of faster denture with lesser time and fewer process-
ing phases (6,10). Moreover, digital methods were de-
veloped to overcome the possible processing errors 
which companied by the usual compression-molded 
technique (10). Digital methods allow the fabrication 
of a denture with the artificial teeth in one block or 
provide only the denture base as a separate piece 
with the ability to attach prefabricated artificial 
teeth with an appropriate adhesive (6,8). 

Manufacturers claim that digital dentures have 
improved physicomechanical properties compared 
to conventional dentures (11,12). Moreover, it was 
claimed that the material used in the manufacturing 
of digital denture appears to contain less residual 
monomer than the conventionally processed one 
which allows better surface properties (13, 14).

Bond failures at the interface between the den-
ture base and the artificial teeth still a common 
clinical problem in the dental office (15). Moreover, 
the transverse strength and hardness tests are com-
monly used to compare the denture bases (8).  There-
fore, this study aimed to examine the surface hard-
ness, flexural modulus, and bond strength, of dif-
ferent denture base fabricated with CAD/CAM and 
3D printing digital technologies, and compare them 
with conventional denture bases. 

MATERIALS AND METHODS

Three different denture base materials were 
selected for this study; pre-polymerized PMMA 
plates (SPEC 98x20 shade 2S Monolayer), photo-
polymerized monomer resin (Nextdent base, 
the Netherlands), and heat-polymerized PMMA 
(Vertex-Dental BV. Headquarters, Netherlands) as a 
“control group”. The three different materials were 
processed by three different methods; CAD/CAM 
milled “subtractive”, 3D printing “additive”, and 
compression-molded respectively.

Sample size: The calculations of sample size 
were performed according to Saavedra et al (16) 
using SPSS software, version 20. It is estimated 6 
samples per group with a 95% confidence interval 
level and a standard error of 5%.

Sample grouping: The total of 54 samples were 
used in the present study and categorized into three 
main groups (n=18) according to the type of the ma-
terial used, then each main group was further sub-
divided into three subgroups (n=6) according to the 
test (hardness, flexural modulus, and bond strength).

Sample fabrication:

Compression mold PMMA samples: 

A template of wax (Green wax for burn out) were 
made with dimension according to each test with the 
aid of a 3D printing unit (EPAX 3D, North Carolina, 
USA). The wax templates were then invested with 
gypsum in the conventional metal flask. For each 
wax template, the gypsum was poured into the flask 
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then the wax template was coated with a separating 
medium and placed inside the gypsum in the lower 
half of the metal flask. After that, the flask was filled 
with gypsum and closed. After setting of gypsum, 
the flask was opened and the wax was eliminated 
by using of hot water bath. The formed mold was 
painted with a separating medium and the heat-
polymerized PMMA resin was processed according 
to the manufacture instructions (8). 

CAD/CAM milled samples: 

A 3D cylinder with dimensions 6mm x 8mm was 
virtually designed using CAD software (Blender 
software) and saved as a standard tessellation 
language (STL) file format. Then, STL files were 
exported to the milling machine be used for 
fabricating the milled samples from pre-polymerized 
PMMA blocks (SPEC 98x20 shade 2S Monolayer) 
with CAD/CAM milling machine (Dentsply Sirona 
in Lab MC X5, Germany) (6,11) (Figure 1). 

Fig. (1) The CAD/CAM milling machine.

3D printed samples: The STL files used in 
the fabrication of the milled samples were also 
used in the fabrication of the 3D printed samples. 
The nozzle of the 3D printing unit (EPAX 3D, 
North Carolina, USA) was used to pour the liquid 
monomer into layers (Figure 2). Then the printed 
rods were exposed to a digital ultrasonic cleaner to 
remove any residues. After that, the printed rods 
were finally cured with a special ultraviolet light 

curing box (Bredent, Bre. Lux power unit 2, lead 
full range system) for 15 minutes according to 
manufacturer instructions (8). After manufacturing, 
all samples were finished and polished using 
tungsten carbide acrylic burs followed by metallic 
grinding sandpapers (500, 1000, and 1200 grit), 
and finally, all samples were further polished using 
polishing pumice (8,11). 

Fig. (2) The 3D printing machine.

Hardness test:

A rectangular-shaped sample of each material 
with the dimensions of 20 × 6× 2 mm was used 
for the Vickers hardness test (Tukon 1102 Wilson 
hardness tester Buehler Germany). The load of 200 
grams was applied smoothly, without impact, forcing 
the indenter into the surface of the tested sample. 
The indenter is held in place for 15 seconds (Figure 
3). After removal of the load, the indentation was 
focused with the magnifying eyepiece, and the two 
impression diagonals are measured, usually to the 
nearest 0.1 μm, and averaged. The Vickers hardness 
number (HV) was calculated using the following 
equation: HV = 1854.4L/d2, where L; the applied 
load (kg), and, d; the average diagonal (mm) (17). 

Flexural modulus:

A rectangular-shaped sample of each material 
with a dimension of 65 × 10 × 3 mm was used for 
the 3 points bending test. The three-point bending 
test were used to tests the flexural modulus via using 
a universal testing machine (Instron 3345, England). 
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Before testing, all samples were immersed in a 
distilled water bath at 37°C for 24 hours. Then, the 
samples were removed from the water bath and 
hold horizontally and supported by two supported 
centers with the distance between them of 50-mm 
on the base of the testing machine. The load cell 
of 500-kg with a crosshead speed of 5 ± 1 mm/min 
was used to apply load on the midpoint of each 
sample until fracture (11,18) (Figure 4).  The flexural 
modulus of each sample was measured according 
to the following formula: E=PL3/4bh3d, where;  
E; flexural modulus (MPa), P; load at fracture (N), 
L; span length of sample (mm), b; sample width 
(mm), h; thicknesses of the sample (mm) and d; 
deflection (mm) (18).

Fig. (4) Flexural modulus test.

Bond Strength:

A rod shape samples with dimensions of  
6×8mm of each resin material were used to bond 
the acrylic tooth to their ridge-like surface. Before 
cementation, the ridge-like surface of the denture 
teeth was flattened and polished with diamond fin-
ishing stone and sand-paper disk(6). Then, the teeth 
in all tested groups were cemented with CAD/CAM 
milled and 3D printed resin rods by adhesive bond 
(Visio. Link, Bredent) and auto-polymerized resin 
cement (Bredent, DTK- Kleber) (Figure 5). 

The shear bond strength (SBS) testing was 
carried out on a universal testing machine at the 
tooth resin interface by a chisel-like jig connected 
to a load cell of 500-kg with a crosshead speed 
of 0.5 mm/min until failure (6,15) (Figure 6).  The 
shear bond strength was calculated according to the 
following equation; SBS (MPa) = force to failure 
(N)/bonding area (mm2).

Statistical analysis:

All data were collected, tabulated, and statically 
analyzed via SPSS version 20 using one-way 
ANOVA, and the comparison among the groups 
was performed using a posthoc Tukey (HSD) test.

Fig. (3) Hardness test.
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RESULTS

Hardness

The results of the surface hardness test revealed 
a statistically significant difference between the 
tested groups. The CAD/CAM milled group showed 
the higher mean hardness results followed by the 
conventional heat polymerized. While the lower 
mean hardness was recorded with the 3D printed 
group (Table 1).

The Tukey’s HSD test results among the groups 
revealed a statistically significant difference 
between the hardness of the conventional and 3D 
print samples with a p-value of (p= 0.00015), and 
between CAD/CAM and conventional samples, as 
well as between CAD/CAM and 3D print with a 
p-value of (p = 0.00048), (p = 0.00000) respectively.

TABLE (1) Hardness between different groups

Variable Mean 
(MPa) SD F-ratio 

value p-value

Compression-molded 23.12 0.4324

65.25168 <0.00001*CAD/CAM milled 30.62 3.4781

3D print 14.6 1.5764

*The result is significant at p < 0.05.

Flexural modulus:

The flexural modulus results showed a 
statistically significant difference between the 
tested groups. The CAD/CAM milled samples 
showed the higher flexural modulus followed by 
the conventional PMMA samples, while, the lower 
flexural modulus value recorded with the 3D printed 
resin (Table 2).

Fig. (5) Cementation of acrylic teeth to the rod shape samples.

Fig. (6) Shear bond strength test.
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TABLE (2) Flexural modulus between different groups

Variable Mean 
(GPa) SD F-ratio 

value p-value

Compression-molded 3.062.2919 0.182

900.06691 <0.00001*CAD/CAM milled 3.253.3972 0.052

3D print 0.582.3164 0.029

*The result is significant at p < 0.05.

Tukey’s HSD test results among the tested groups 
showed a statistically significant difference between 
CAD/CAM and conventional with a p-value of 
(p= 0 .04555). Moreover, there was a statistically 
significant difference between conventional and 3D 
print as well as between CAD/CAM and 3D print 
with P-value of (p= 0.00000) and (p= 0.00000) 
respectively.

Bond strength:

The results of the shear bond strength test 
showed non-statically significant difference among 
the three tested groups (Table 3). The CAD/CAM 
milled groups showed the lower shear bond strength 
followed by the compression-molded group. While 
the 3D printed group showed higher shear bond 
strength.

TABLE (3) Shear bond strength between different 
groups

Variable Mean SD F-ratio 
value p-value

Compression-molded 7.0844 1.6317

2.07246 0. 154877CAD/CAM milled 6.9154 1.9182

3D print 8.9739 2.6556

*The result is significant at p < 0.05.

DISCUSSION

Poor mechanical properties of the denture bases 
are the most common cause of clinical failure (19). 
Moreover, the bond failure between the artificial 
teeth and the denture base is another common 
cause for denture failure during service (6,15). 
Clinically, there are various acrylic materials used 
in the construction of the denture base with various 
processing techniques (1-5). Therefore, laboratory 
tests were used mainly to predict and compare the 
clinical performance of the denture base materials(20).

The hardness of the resin denture base material is 
an important factor that determining the resistance to 
abrasion and hence surface roughness and microbial 
adhesion (8,20). Moreover, the flexural modulus 
reflects the material’s stiffness and rigidity as well 
as the ability of the material to equally distribute the 
forces to the underlying structures (11,21). Findings 
related to the flexural strength of CAD/CAM 
materials for denture base vary (22).

In this study, the results of the CAD/CAM milled 
samples showed the statistically higher surface 
hardness and the flexural modulus mean value 
followed by the conventional heat-polymerized 
denture base samples, and the 3D-printed samples 
showed the lower mean value. This may be due 
to the difference in the processing technique and 
the manufacturing of the materials (8). Where, the 
CAD/CAM milled samples are manufactured from 
condensed and fully polymerized PMMA blocks, 
with lower or free monomers (8,23). 

On the other hand, the processing of the heat-
polymerized PMMA via conventional molded tech-
nique may result in a higher percentage of residual 
monomers which act as a plasticizer and decrease 
the hardness and rigidity of the material(20,24). While 
the manufacturing of the denture base samples with 
the 3D printing technique with the use of photopo-
lymerized monomers resulted in a higher number of 
residual monomers which resulted in inferior sur-
face hardness and lower rigidity of the materials due 
to its “plasticizer effect” (25,26).
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The shear bond strength between the acrylic teeth 
and the denture base could depend on the processing 
technique, the amount of the residual monomers, 
the fabrication method, the type of artificial teeth, 
and/or the composition of resin cement(6,27). The 
insignificant shear bond strength results among the 
three different processing techniques in the present 
study may be due to the composition of resin cement 
used in the present study. Where, the used auto-
polymerized resin cement contains MMA monomer 
which resulted in good bond strength between the 
PMMA denture resins and acrylic teeth (15, 28). 

Moreover, the 3D printed samples showed higher 
shear bond strength followed by the conventional 
heat-polymerized samples. This may be due to that 
the higher amount of the residual monomers in the 
3D printed samples compared to the conventional 
heat-polymerized samples (6,15). Where, the residual 
monomers able to penetrate from the denture base 
resin into the resin tooth matrix which resulted in 
proper bonding between the sample and the acrylic 
tooth, and hence, the increased amount of the 
residual monomer could increase bond strength (6,29). 

On the other hand, the heat-polymerized samples 
showed higher shear bond strength when compared 
with pre-polymerized CAD/CAM resin. This may 
be because of the chemical bonding between acrylic 
teeth and the conventional PMMA resin which 
resulted from the use of MMA-based resin cement 
in the present study (6,15,30). 

CONCLUSION

Within the limitation of this study, it was con-
cluded that the processing technique had a signifi-
cant effect on the hardness and flexural modulus of 
the resulted prosthesis. While the fabrication meth-
od did not affect the shear bond strength between 
the denture base and the acrylic teeth. 
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