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Effect of thermal cycling on the flexural
strength of 3-D printed, CAD/CAM milled
and heat-polymerized denture base materials

Tugba Temizci” ® and Hatice Nalan Bozogullar'

Abstract

Background This study compared the impact of thermal cycling on the flexural strength of denture-base materials
produced through conventional and digital methods, using both subtractive and additive approaches.

Methods In total, 60 rectangular specimens were fabricated with specific dimensions for flexural strength tests.

The dimensions were set according to the International Organization for Standardization (ISO) guideline 20795-
1:2013 as 64 x 10x 3.3+ 0.2 mm. Specimens from each material group were divided into two subgroups (thermal
cycled or nonthermal cycled, n=10/group). We used distinct methods to produce three different denture-base
materials: Ivobase (IB), which is a computer-aided-design/computer-aided-manufacturing-type milled pre-
polymerized polymethyl methacrylate resin disc; Formlabs (FL), a 3D-printed denture-base resin; and Meliodent (MD),
a conventional heat-polymerized acrylic. Flexural strength tests were performed on half of the samples without a
thermal-cycle procedure, and the other half were tested after a thermal cycle. The data were analyzed using a two-
way analysis of variance and a post hoc Tukey test (a=0.05).

Results Based on the results of flexural-strength testing, the ranking was as follows: FL > 1B>MD. The effect of
thermal aging was statistically significant for the FL and IB bases, but not for the MD base.

Conclusions Digitally produced denture bases exhibited superior flexural strength compared with conventionally
manufactured bases. Although thermal cycling reduced flexural strength in all groups, the decrease was not
statistically significant in the heat-polymerized acrylic group.
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Background

Removable partial and complete dentures play a signifi-
cant role in restoring aesthetic and functional charac-
teristics after total and partial tooth loss. Polymethyl
methacrylate (PMMA) is among the most commonly
used materials for denture bases. Heat-polymerized poly-
methyl methacrylate, commonly referred to as acrylic
resin, is favored due to its availability, aesthetic qualities,
biocompatibility, cost-effectiveness, lightweight nature,
relative ease of repair, and simple processability [1-4].
However, the durability of acrylic-resin-based denture
bases is influenced by several factors, such as the powder-
liquid ratio, polymerization method (rapid boil or slow
boil), knowledge and skill of the technician, and mate-
rial storage conditions. Nevertheless, challenges persist
in using heat-polymerized acrylic dentures. Thermal
shrinkage due to the polymerization process can lead to
inadequate adaptation of the denture base to surrounding
tissues [5]. Other issues include allergic reactions caused
by residual monomers [4], low durability, inadequate sur-
face hardness, and poor wear resistance, prompting an
ongoing search for an ideal denture-base material [1, 2].

With computer-aided-design (CAD) and computer-
aided-manufacturing (CAM) systems, it is possible to
manufacture complete dentures from fully polymerized
or pre-polymerized acrylic discs using subtractive meth-
ods, such as milling, or additive methods, including 3D
printing with acrylic resins. CAD-CAM technology can
enable production of high-precision dental prosthet-
ics more quickly and with less discomfort to the patient
compared to traditional methods. Additionally, it allows
direct duplication of an existing denture [6, 7].

Milling is more common in denture-base produc-
tion than 3D printing [6]. The accuracy of dentures pro-
duced through milling depends on the materials used
and the milling tools (number and size of milling cut-
ters) employed [8, 9]. The denture-base material obtained
through milling is highly durable compared to other
options because it has fewer structural flaws and con-
tains inorganic fillers in the final stage [7, 9]. However,
fabrication of dentures using milling generates significant
amounts of waste and requires large quantities of raw
materials [10].

3D printing is achieved through application of a mate-
rial in consecutive layers. It is considered less costly than
milling because of reduced material waste and absence
of tool wear [11]. 3D printing also allows simultaneous
production of multiple objects and printing of intricate
and complex designs [12, 13]. Although complete den-
tures produced using 3D printers offer a viable treatment
alternative for total tooth loss, their adoption in clin-
ics is not yet widespread due to the relatively high costs
of the equipment and materials, limited accessibility to
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the materials, and a lack of extensive research on their
mechanical and physical properties.

Flexural strength is measured based on the highest
bending stress experienced by a material at the point of
fracture. Dentures are subjected to flexural stresses dur-
ing chewing, which can lead to deformation or breakage
over long periods [14]. Therefore, high flexural strength
is necessary to prevent sudden failure [15]. As per the
American Dental Association Standard No. 139, and in
accordance with the International Organization for Stan-
dardization (ISO) guidelines 20795-1 for denture-base
polymers, a flexural strength test is commonly used to
assess material resistance [16—18].

The oral environment is a thermally dynamic setting.
Considering that temperature fluctuations can impact the
properties of a material, it is essential to test the mechan-
ical behavior of denture-base materials under conditions
that mimic intraoral conditions. Thermal cycling is the
preferred method of testing responses to such conditions.

A literature search revealed few publications that
reported on the mechanical properties of the photopoly-
merized acrylic resin esters used in 3D printing, and only
one study that investigated the effects of thermal cycling
[1]. Thus, there is a need for more studies investigating
the potential of 3D denture-base materials and manu-
facturing techniques for complete dentures. Therefore,
in this study, we compared the impact of thermal cycling
on the flexural strength of denture-base materials pro-
duced through conventional and digital methods, using
both subtractive and additive approaches. Our primary
hypothesis was that there would be differences among
the materials, and our secondary hypothesis was that
thermal cycling would influence the flexural strength of
the materials.

Materials and methods

In total, 60 rectangular specimens were fabricated for
flexural-strength tests with specific dimensions set
according to the ISO 20795-1:2013 standards. Specifi-
cally, the specimens were 64x10x3.3£0.2 mm. Speci-
mens from each material group were divided into two
subgroups (thermal cycled or nonthermal cycled, n=10/
group). The properties of the materials and manufactur-
ers are presented in Table 1.

We used the Fusion 360 CAD software program
(Autodesk, Mill Valley, CA, USA) to design a rectangu-
lar 3D model (64 mm X 10 mm x 3.3 mm) for the CAD-
CAM 3D-printed specimens (termed IB specimens).
This digital design was exported to produce the speci-
mens using a Standard Tessellation Language (STL) file.
The CAD-CAM specimens were produced from a pre-
polymerized PMMA resin disc using a five—axis milling
machine (HinriMill 5, Goslar, Germany) and an IvoBase
CAD system (Ivoclar).
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Table 1 Materials used in the present study

Material Abbr Manufacturer Denture Composition
base
fabrication
technique
IvoBase 1B Ivoclar Viva- CAD/CAM Prepolymerized
CAD dent, Schaan, milling PMMA discs
Liechtenstein 50-100% methyl
methacrylate
2.5-10%
1,4-butanediol
dimethacrylate
Formlabs  FL Somerville, MA, 3D Printing 55-75% w/w
USA urethane
dimethacrylate,
15-25% w/w
methacrylate
monomers,
and <0.9% w/w
phenyl bis(2,4,6-
trimethylbenzoyl)-
phosphine
oxide
Meliodent MD  Kulzer, Berkshire, Conven- Powder: Methy!
Germany tional; heat-  methacrylate,
polymerized  Ethyl hexyl ac-

rylate, N-octyl
methacrylate
Liquid: Methyl
methacrylate,
glycol dimethac-
rylate, dimethyl
p-toluidine

The 3D-printed specimens (termed FL specimens) were
produced using stereolithography (SLA) 3D printing
technology (Form 3B+, FormLabs, Somerville, MA, USA)
and commercially available 3D-printed denture-base
resin (Formlabs denture-base resin). The layer thickness
of each specimen was set at 50 pum and the build orienta-
tion was 90 degrees. The printed specimens were washed
with 90% isopropyl alcohol for 3 min using an ultrasonic
cleansing system (Form Wash, Formlabs, Somerville,
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MA, USA) and then subjected to a post-polymerization
process using FormCure (Formlabs Inc., Somerville, MA,
USA) for 30+ 30 min at 60 °C.

To generate specimens using the conventional method
(termed MD specimens), prepared wax samples were
placed in a flask. After complete hardening of the gyp-
sum, the flasks were placed in boiling water to remove
the wax. After removal of the wax, the negative voids
were isolated with lacquer, and a heat-polymerized
acrylic resin material (Meliodent Heat Cure) was applied
according to the manufacturer’s instructions. The flasks
were then subjected to 100 bars of pressure to eliminate
excess acrylic material and left under 200 bars of pressure
for 5 min. Once the flasks had been secured, they were
placed in cold water and allowed to boil. When the tem-
perature reached 100 °C, they were left to boil for 20 min.
The samples were then removed from the flasks and lev-
eled using a precision grinder and a hard mill. To mimic
the denture surfaces, the samples were wet-ground at a
speed of 60 rpm using a grinding and polishing device
(Gripo 2 V, METKON, Grinder-Polisher) with 400-600—
800 grit sandpaper, consecutively. To ensure standard-
ization of the samples during sanding and polishing,
measurements were made using an electronic caliper in a
systematic manner. Following sanding, polishing was car-
ried out with polishing paste (Ivoclar Vivadent Universal
Polishing Paste) and felt (Fig. 1).

Thermal cycling procedure

The specimens exposed to thermal cycling underwent
a thermocycling procedure consisting of 5000 cycles in
a distilled-water bath at temperatures of 5-55 °C. Each
cycle lasted 60 s and involved the following steps: 20 s
in a 5 °C bath, a 10-second transfer of the samples to
another bath, 20 s in a 55 °C bath, and a 10-second trans-
fer back to the 5 °C bath.

Figure 1. a.Preparation of MD samples b. Preparation of IB samples c. Preparation of FL samples
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Flexural strength test

The flexural strength was tested using a three-point flex-
ure test on a universal testing machine. The specimens
were placed symmetrically on the base of the testing
machine (Devotrans, Tiirkiye) (Fig. 2). The load force
started at 0 and increased evenly via a steady shift of
5+1 mm/min until the specimen cracked. The flexural
strength of each specimen was measured according to
the following formula:

FS=3FL/2bh%

where FS is the flexural strength (MPa), F is the maxi-
mum force applied to the specimen (N), L is the distance
between the specimen carriers (mm), b is the specimen
width (mm), and h is the specimen height (mm).

The data were analyzed using a two-way analysis
of variance (ANOVA, IBM SPSS 20.0 software; SPSS
Inc., Chicago, IL) and a Tukey honest post hoc test was
applied to detect differences among the groups. The sta-
tistical significance level was set at p<0.05.
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Results

When the results of the flexural strength test were
examined, we found that the resin materials produced
via CAD/CAM performed better than those in the tra-
ditional heat-polymerized acrylic group. Before ther-
mal cycling, the highest flexural strength values were
in the FL group (113.53+7.94 MPa), followed by
the IB group (104.65+5.12 MPa) and the MD group
(232.67£32.60 MPa). Thermal cycling decreased flexural
strength in all groups. The effect of thermal aging was
statistically significant for the FL and IB groups, but not
the MD group (Table 2).

According to the results of the two-way ANOVA,
material type and aging were not statistically significant.
However, when the material type and aging were evalu-
ated together, this comparison became statistically sig-
nificant (p<0.05) (Table 3).

Figure 2. Acrylic specimen loaded on universal testing machine
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Table 2 Descriptive statistics (mean + standard deviations) of
flexural strength (MPa) values

Material Non-aging Aging

IvoBase CAD 104.65+5.12° 9595+ 564
Meliodent 94.23+10.40° 91.39+9.92¢
Formlabs 113.53+7.94° 103.05+12.84

Different superscript letters indicate significant differences (p<0.05)

Discussion

This in vitro study compared the flexural strength of
denture-base materials produced by different meth-
ods by investigating the effect of thermal cycling. The
flexural strength of the materials differed among the
three groups, supporting our first hypothesis. However,
thermal cycling did not result in a statistically signifi-
cant change in any group, so the second hypothesis was
rejected.

For successful prosthetic treatment and patient sat-
isfaction, denture-base materials need to possess suf-
ficient flexural strength [1]. Dentures with acrylic-resin
bases are subject to a range of impact forces, including
dropping the device when outside the mouth or repeated
chewing forces when inside the mouth, and are prone
to breakage caused by bending fatigue [19]. The denture
base, which is subjected to bending stress during chew-
ing, is supported by alveolar crests with uneven bone
resorption [1, 20].

A previous study compared a three-point bending test
with a four-point bending test for various polymers [21].
The authors reported that the three-point bending test
produced statistically higher and more reliable bending-
strength values than the four-point bending test.

ISO guideline 20795-1 specifies the three-point bend-
ing test as the standard for measuring the mechanical
properties and clinical performance of polymer-based
materials [20, 22]. Therefore, we measured the flexural
strength of the materials using the three-point bending
test. This guideline indicates that acrylic resins should
achieve a minimum flexural strength of 65 MPa. Based
on this criterion, all groups in our study were suitable for
clinical use.

Acrylic denture bases produced using conventional
methods have long been the industry standard. Accord-
ingly, numerous studies have been conducted on heat-
polymerized acrylics. In this study, the flexural strength

Table 3 Results of two-way anova for flexural strength
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of conventionally manufactured bases was 94.23 MPa,
which is consistent with previous findings. However,
previous comparisons of flexural strength between
CAD-CAM and conventionally produced bases yielded
differing results [23-25].

Pre-polymerized PMMA-based acrylic resin disks are
used during subtractive manufacturing. Because of the
high temperature and pressure values during polymeriza-
tion, these disks have a dense structure with low-porosity
and strong cross-linking, distinguishing them from con-
ventionally produced PMMA bases [26, 27]. Bases pro-
duced via traditional processing techniques exhibit linear
shrinkage (0.45-0.9%), while digital processing elimi-
nates excessive shrinkage [23, 27]. Numerous studies
have shown that, compared with traditional acrylic-based
dentures, those produced using the CAD-CAM sub-
tractive method exhibit superior mechanical durability
and surface characteristics [24, 28], have lower residual
monomer content [29], and offer better tissue compat-
ibility [30]. This is consistent with our finding that the
bases in the milled group demonstrated superior flexural
strength compared with those in the conventional heat-
polymerized acrylic group.

Denture production via milling is more popular than
additive manufacturing (i.e., 3D printing). However, 3D
printing is more cost-effective due to its additive nature.
Furthermore, the subtractive method is associated with
wear on rotating tools, material waste, and the inability
to produce multiple products simultaneously [31, 32].
3D printing involves the application of a fluid resin mate-
rial, layer by layer, onto a support structure, followed by
polymerization of each layer using visible light, ultravio-
let light, heat, or a laser [33]. In this process, resin layers
are added sequentially until the proposed dental prosthe-
sis form is completed. In dentistry, the use of CAD-CAM
additive manufacturing is increasing for the production
of fixed prosthetics, surgical guides, occlusal appliances,
and complete dentures [33, 34]. In the literature, stud-
ies on acrylic resins produced through 3D printing have
obtained varying results. Prpic et al. [35] measured the
flexural strength of three different CAD-CAM discs,
three different heat-polymerized acrylic resins, 3D print-
ing resins, and polyamide materials using a three-point
bending test. They concluded that the 3D printing resin
had the lowest flexural strength compared with all other

Test method Source of variation Sum of squares df Mean square F p
Material 2357233 2 1178617 4.499 0.182
Aging 437.400 1 437400 1.670 0325
Material*Aging 523.900 2 261.950 3.249 0.047
Error 4354.400 54 80.637
Total 606417.067 60

p<0,05
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materials. Gad et al. [1] compared the flexural strength
of heat-polymerized denture-base resin and 3D printing
resin before and after thermal cycling. They found that
the 3D printing resin exhibited lower flexural strength
compared with all groups of heat-polymerized resin,
both before and after thermal cycling. In our study, the
specimens in the 3D printing group demonstrated the
highest flexural strength. Successful use of 3D printing
for denture production depends on various factors. Dif-
ferences in the chemical composition of the resins used
in other studies, variations among 3D printers, and dif-
ferent post-curing times could explain the varying results
among studies. It should also be noted that the degree of
polymerization is dependent on multiple factors such as
the sample composition, photoinitiator concentration,
sample geometry, and polymerization environment [23].

One study examined the effects of different post-curing
times and parameters on the physicochemical, mechani-
cal, and biological compatibility of 3D-printed denture
bases [36]. During printing, liquid resin contains mono-
mers and photoinitiators that are activated by UV light.
The light converts the monomers into polymers, forming
bonded chains at a macromolecular level [37]. However,
the rapid layer-by-layer building can lead to insufficient
curing density in each added layer, ultimately minimiz-
ing the efficiency of extended chain cross-linking. There-
fore, a final curing cycle is applied to convert partially
cured monomers into polymers and enhance the degree
of polymerization. As the final curing time increases,
double bond conversion also increases. Hence, extending
the final curing time can improve the mechanical prop-
erties of 3D-printed denture-base materials. The flex-
ural strength of 3D-printed materials increases with the
final curing time [38]. This also supports our findings. In
the present study, the post-curing time was 30+30 min,
which is longer than the post-curing time in similar stud-
ies in the literature. This difference explains why the
3D-printed specimens exhibited higher flexural strength.

The superior flexural strength values of the 3D-printed
resin bases amongst all the groups in this study support
the notion that 3D printers could become more widely
employed in future denture-base production [35].

During clinical usage, the mechanical properties of
prosthetic restorations are often adversely affected by
intraoral conditions involving mechanical stresses, ther-
mal variations, and occlusal loads. The degrading effects
of temperature fluctuations necessitate compensatory
measures to improve the clinical lifespan of denture-
base materials because of their impact on prosthetic-base
materials. Routine activities like eating, drinking, and
breathing result in temperature changes in the oral cav-
ity. This can have a negative impact on the expansion of
developed cracks, thus altering the physical, mechani-
cal, and surface properties of the material over extended
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periods [39]. Therefore, to evaluate the clinical usability
of dental materials fully, they must be tested under con-
ditions similar to those that they face within the oral
environment. Thermal cycling induces water absorption
in denture-base resins, leading to degradation of poly-
meric chains and weakening of mechanical properties
[40]. The results of this study indicate that the effect of
thermal cycling varied depending on the material. Sta-
tistically, the specimens in the FL and IB groups were
affected by thermal cycling, whereas those in the MD
group were not affected. This difference can be attributed
to differences in the chemical composition of the tested
materials. Conventional heat-polymerized acrylics, pro-
duced using conventional methods, might be more resil-
ient against temperature changes compared to milled and
3D-printed denture-base materials.

Prepolymerized PMMA is prone to water absorp-
tion because of its molecular polarity. Water absorption
occurs through a diffusion mechanism among the poly-
mer chains, and may damage the bonding within poly-
mer networks [41]. Thermal cycling constitutes repeated
sorption/desorption cycles that may result in micro-
fractures in the PMMA matrix [42]. Although denture-
base materials with low solubility are used because they
release fewer monomers, unreacted monomers and
water-soluble additives may leach out over long periods
of thermal cycling. The heightened sensitivity of pre-
polymerized PMMA to strength degradation after ther-
mal cycling may be due to these effects [43].

We found that the flexural strength of the 3D-printed
denture-base resin was also affected by thermal cycling.
This change might have been caused by the material
composition, inconsistencies in the printed layers, or
water absorption related to heat from the manufacturing
process [44].

This study had several limitations. First, variations in
the printing angle could have affected the properties of
the additively manufactured denture-base resin. Sec-
ond, while thermal cycling was conducted using distilled
water, artificial saliva might have been a more appropri-
ate choice, as this would have been closer to clinical con-
ditions. Different results might have been obtained with
water versus saliva following long-term thermal cycling.
Third, in this study, we tested only one type of product
for each production technique. Further studies should
include more brands representing each group. Fourth,
the simple sample geometry limits the clinical usefulness
of this study. Studies using specimens with more complex
shapes such as those likely to be encountered in clinical
situations should be conducted. Finally, 3D printers are
intricate systems with many variables, and use of these
printers for denture-base materials is a relatively new
endeavor. Therefore, more research is needed to address
the effects of various manufacturing parameters.
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Conclusions

When considering the flexural strength of denture bases
produced using different methods, those created digitally
(both via subtractive and additive techniques) were found
to be more durable compared to conventionally manu-
factured bases.

Differences were found among the materials. The group
with the highest flexural strength was the 3D-printing
group, followed by the CAD/CAM-milling group and
then the heat-polymerized-acrylic group.

Thermal cycling generally reduced flexural strength
across all groups. However, statistically significant
changes were observed in the 3D-printing and CAD/
CAM-milled groups, while the alteration in the heat-
polymerized-acrylic group was statistically insignificant.
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