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Abstract

Purpose: This study aims to evaluate the effects of adding titanium dioxide (TiO,)
nanotubes (NTs) to three-dimensional (3D) printed denture base resin on the thermal
and thermomechanical properties, which have high clinical relevance.

Materials and Methods: TiO, NTs with dimensions of 30-70 nm in diameter and 2—
4 um in length were added to the denture base resin at concentrations of 0.0 (control),
1.0, 2.0, 3.0, 4.0, and 5.0 wt.%. A total of 120 samples were printed with 60 samples for
hot-disc device tests (thermal conductivity [x], thermal diffusivity [D] and volumetric
heat capacity [0C,] tests) and 60 samples for thermomechanical analyzer (TMA) device
tests (coefficient of thermal expansion [CTE, a], thermal strain [€], and elastic modulus
in response to temperature changes). The collected data were analyzed with ANOVA
followed by Tukey’s post hoc test (o = 0.05).

Results: The results revealed that increasing the TiO, NT concentration improved all
the thermal properties. However, in the thermomechanical tests, an improvement was
observed only in the 1.0 wt.% and 2.0 wt.% TiO, NT composite groups, and a sig-
nificant decline was observed in the remaining groups. Fourier Transform Infrared
Spectroscopy (FTIR) results revealed no alteration in the chemical structure of the
resin. However, the degree of conversion (DC) of the nanocomposites after polymeriza-
tion was significantly affected. The samples tested via field emission scanning electron
microscopy (FESEM) with energy dispersive x-ray spectroscopy (EDX) revealed an
even distribution of the TiO, NTs in the 3D-printed samples.

Conclusions: The improvement in the thermal and thermomechanical properties of the
denture material could enhance patient satisfaction by providing better perceptions of
hot and cold foods, reducing marginal deterioration, and increasing durability during
mastication.

KEYWORDS
3D printing, acrylic resin, coefficient of thermal expansion, degree of conversion, modulus of elasticity,
thermal conductivity, thermomechanical properties, titanium dioxide nanotubes

Three-dimensional (3D) printing is a production method that
creates products through a layer-by-layer building approach!
and is an attractive option for the production of complete
dentures.”’ According to certain reports, the major ben-
efit of 3D printing over the standard production chain is
the decrease in the number of visits needed before final
denture delivery to patients.* The common 3D printing

technologies used for denture fabrication are stereolithog-
raphy (SLA),> digital light processing (DLP),%’ and more
recently introduced liquid crystal display (LCD).>® How-
ever, the properties of 3D-printed resins (e.g., physical,
mechanical, and thermal) are still inferior to those of the
standard heat-cured acrylic resins.® The incorporation of
nanoparticles into the photopolymer matrix is considered to
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be a technique for improving the properties of 3D-printed
resins.”!”

Polymeric nanocomposites (PNCs) are composed of a
polymer matrix and nanoscale filler.'! The properties of
the nanocomposite material are determined by the nature,
morphology, size, and concentration of the nanomaterials
(NMs), and their interaction with and dispersion throughout
the matrix resin, which limit the movement of the poly-
mer chain. Consequently, an increased modulus is observed
in polymer nanocomposite materials,''~'> and their thermal
properties become more favorable than those of pure poly-
mer materials.'* Titanium dioxide (TiO,) is one such NM
commonly used as a filler and has high thermal and chem-
ical stability, hydrophilicity, biocompatibility, low toxicity,
superior strength and good refractive index.'

The oral environment experiences temperature fluctuations
as a result of food and drink consumption, as well as occlusal
stresses, which may cause deformation of dental prosthe-
ses over time.>'® Fitted dental prostheses might thermally
expand or contract in response to heat fluctuations. A signif-
icant difference in thermal expansion characteristics between
different dental prosthetic parts (denture bases, artificial teeth,
etc.) might result in the development of interfacial stress,
which has been linked to marginal deterioration as one of
the etiological factors.'® Another drawback of acrylic den-
ture resin is its low thermal conductivity, which leads to a
decreased perception of taste among denture wearers, as food
temperature is known to impact taste perception. When cold
or hot food or drinks are swallowed, the oral mucosa temper-
ature fluctuates briefly from 37°C to 70°C before returning to
its usual physiological value. This disruption can cause dis-
satisfaction in older patients whose palate mucosa is partly
or entirely covered with the denture base. A denture founda-
tion with high thermal conductivity can protect tissue health,
improve taste, and minimize the sensation of the prosthe-
sis as a foreign body. Thermally conductive ceramics (metal
oxides) are better additives than bulk metal powders due
to their comparable thermal conductivity and lower density,
which does not add too much weight to the prosthesis.'”

The majority of previous studies associated with 3D-
printed denture base resins and associated nanocomposites
have focused on determining mechanical and physical
properties.”~!>!® The effects of adding nanoparticles to resin
on the thermal and thermomechanical properties have not
been extensively explored to date. This novel route of inves-
tigation is pivotal for understanding the performance of
dentures in clinical conditions where a temperature rise in
the oral cavity is commonly experienced during the intake
of hot foods and drinks. Previous studies have used TiO,
nanoparticles to enhance only the mechanical, physical, and
antibacterial characteristics of the resulting 3D denture base
resin composite,”"!” and only one study has evaluated the
effects of TiO, nanotubes (NTs) on the mechanical prop-
erties of 3D-printed resin composites.® To the best of the
authors’ knowledge, no studies have assessed the impact of
the addition of TiO, nanotube filler on the thermal and ther-
momechanical properties of 3D-printed resins, which have
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significant clinical relevance for developing innovative and
high-performing dentures. To address this gap, the aim of
this study was to evaluate the impact of the addition of TiO,
NTs on the thermal and thermomechanical properties of 3D-
printed denture base materials. The null hypothesis states that
the thermal and thermomechanical properties do not change
significantly after the addition of TiO, NTs to 3D-printed
denture base resin.

MATERIALS AND METHODS
Study design

The denture base resin used for sample fabrication via
3D printing was DentaBase (Asiga, Australia, compli-
ant with EN ISO 13485:2016 and ISO 13485:2016). The
manufacturer’s data sheet indicates that the resin com-
prises urethan di-methacrylate (7,7,9 or 7,9,9)-trimethyl-
4,13-dioxo-3,14-dioxa-5,12-diazahexadecane 1,16-diyl bis-
methacrylate, diphenyl(2,4,6-trimethylbenzoyl) phosphine-
oxide, and tetrahydrofurfuryl-methacrylate, compatible with
a 385 nm 3D printer. TiO, NTs (diameter: 30-70 nm; length:
2—4 um) sourced from Hongwu, China, were utilized at con-
centrations of 0.0, 1.0, 2.0, 3.0, 4.0, and 5.0 wt.% to fabricate
nanocomposites via incorporation with the resin. The over-
all number of samples was 120, comprising 60 samples for
thermomechanical analyzer (TMA) device tests and 60 sam-
ples for hot-disc device tests. Ten samples (n = 10) were
allocated to each test group (control [0.0], 1.0, 2.0, 3.0, 4.0,
and 5.0 wt.% TiO, NTs incorporated composite groups).
The investigation included tests for thermal conductivity (x),
thermal diffusivity (D), and volumetric heat capacity (0C,)
conducted using a hot disc, as well as tests for the coefficient
of thermal expansion (CTE or «), thermal strain (€) and elas-
tic modulus (EM) as a function of temperature variation were
performed with a TMA device.

The effective sample size was calculated using G power
software (version 3.1.9.7) with a power of study at 85%, an
alpha error of probability of 0.05, an effect size of F = 0.3
(medium effect size), and six groups and five-point mea-
surements (30°C, 40°C, 50°C, 60°C and 70°C). The sample
size for each testing device was estimated to be 36 samples
(n = 6), but 10 samples were considered for each group for a
more powerful interpretation of the results.

Sample design and material preparation

The samples were digitally generated via computer-aided
design (CAD) software, specifically 3D Builder from
Microsoft Corporation (Figure 1a, b). The hot disc samples
were 20 mm (r) X 15 mm (t),”° and the TMA samples were
cylindrical in shape and 2.5 mm (r) X 20 mm (1).”! The design
for the 3D printing file in standard tesselation language (STL)
format was submitted to the application (Asiga Composer) as
depicted in Figure lc.
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FIGURE 1
samples on the printing platform.

Titanium dioxide nanotube incorporation

Nanoparticles are maintained as powders that aggregate into
clusters of individual particles due to superior inter-particle
interactions caused by van der Waals forces.”” Therefore,
prior to blending them with 3D liquid resin, particles must be
redispersed using ultrasonication with a dispersion medium
without altering the properties of the original particles.”> A
specialized shaker (LC-3D Mixer Nextdent, South Korea)
was initially used to ensure a uniform blend of printed denture
base resin. A mixture of 99.9% ethyl alcohol (Honeywell,
Germany) and titanium NTs (Hongwu, China) was subse-
quently prepared at a ratio of 3.0 mL of alcohol to 1.0 g
of nanotube. This mixture was then subjected to ultrasonic
treatment (MSE Soniprep 150, UK) for 3 min. The quan-
tities of NTs added to the groups (control, 1.0, 2.0, 3.0,
4.0, and 5.0 wt.%) were 0.0 g, 25 g, 5 g, 75 g, 10 g,
and 12.5 g, respectively. The resin for the denture base was
combined with a suspension of TiO, NTs in a dark yellowish-
brown glass container, which was sealed to prevent exposure
to ambient light. The magnetic stirrer (alfa HS-860, Iran)
facilitated the mixing of the denture base resin with TiO,
NTs for 30 min at 60°C with the glass container partially
opened to allow escape of evaporated alcohol, followed by
sealing the glass container for an extended period of 8 h
at room temperature (25°Cx 5°C) to ensure uniform dis-
persion of the NTs.® For each group, 250 mL of resin was
utilized, which was sufficient to print all the samples for
that group. This determination was performed via Asiga soft-
ware, which requires 200 mL plus an additional 50 mL to
ensure adequate resin availability during the printing of the
final layer.

Printing of 3D sample blocks

The samples were printed via a DLP 3D printer from Asiga,
Australia. The following printing parameters were used:

ACP
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Digital design dimensions for (a) hot disc sample and (b) TMA sample; (c) Asiga Composer software showing the arrangement of the

heater temperature of 30°C, light intensity of 19, offset of
0.09, XY scale of 1.007, slice thickness of 0.05 mm, sep-
aration velocity of 4.3 mm/s, separation pressure limit of
300 g/cm? ¥, and wavelength of 385 nm (high power UV
LED). The printing orientation of the samples was vertical
(90° angle to the platform base),”* and the printing time
was 2 h and 4 min (10 disc-shaped and 10 cylindrical-
shaped samples on the build platform). Upon filling the
printer vat with the liquid polymer mixture, which consisted
of resin combined with TiO, NTs, the lid was securely
closed to prevent exposure of the mixture to ambient light.
The DLP printer program divides the digital model of
the samples into thin horizontal layers, measuring 50 um
for each layer. The DLP projector projected these lay-
ers onto the surface of the liquid resin, resulting in the
solidification of the liquid polymer mixture, and upon drain-
ing out the liquid in the vat, the printed samples were
exposed.

Cleaning, drying, and curing

The samples were carefully detached from the 3D printer
platform utilizing a sharp blade and subjected to two cycles
of ultrasonic cleaning (Clean I, Ackureta, Taiwan) for 3 min
each. An additional 2 min was dedicated to cleaning the
printed samples with 99.9% isopropyl alcohol® to eliminate
any leftover uncured resin. Once the samples were thoroughly
dried, they underwent polymerization following exposure to
a light curing process inside a UV box (Ackureta, Taiwan)
under the following conditions: UV wavelength = 385 nm
LEDs, power = 65 watts, curing time = 30 min and curing
temperature = 60°C according to the manufacturer’s recom-
mendations and Altarazi et al.”* An acrylic bur and lathe
polishing equipment were employed to finish and polish the
sides of the samples that were connected to the platform and
supports, and the samples were measured with a Vernier scale
(Cachor, India).
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Particle size analyzer, FESEM, EDX, and FTIR
tests
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The TiO, NT powder was measured using a particle size ana-
lyzer (PSA) (90Plus, Brookhaven, USA). A Field-Emission
Scanning Electron Microscope (FESEM—INSPECT F50,
FEI company, USA) was employed to examine the TiO, NT
powder and fractured surface characteristics at different mag-
nifications (500x, 15,000x, 20,000x, and 30,000%). Three
sample groups (control, 1.0 % wt., and 5.0 wt.% TiO, NTs
nanocomposites) along with TiO, NT powder were exam-
ined. Charges accumulate on the surface of the resin samples,
which can cause visual distortions, blurring, or even dam-
age because the samples are not conductive. To enhance
image quality and disperse this charge, the samples were
sputter-coated with gold to a coating thickness of approxi-
mately 1 nm. Energy dispersive X-ray (EDX) spectroscopy
(MIRA3TESCAN, USA) was used for surface microanaly-
sis. The chemical composition of the nanocomposite filler
was revealed by combining this approach of surface chemi-
cal microanalysis with SEM. The results are shown in terms
of both weight and atomic percentages.

Fourier Transform Infrared (FTIR) Spectroscopy (SHI-
MADZU/ Japan) was used to determine whether any
chemical reactions occurred between the 3D-printed resin
and the added TiO, NTs. FTIR spectra were obtained at
wavelengths ranging from 4000 to 400/cm at 2/cm resolution.
Five samples each from the control, 1.0, 2.0, and 5.0 wt.%
TiO, NTs nanocomposite groups and TiO, NTs powder were
tested, and the results of the nanocomposite groups were
compared with those of the control group. Additionally, FTIR
spectra were used to measure the degree of conversion (DC)
during polymerisation based on Equation 1.°*® The lig-
uid resin was scanned as the baseline, and compared to the
printed nanocomposite samples after polymerization® 2%,

DC (%) =

(T 1637 ) peak hights after polymerization

(T 1637 ) peak hights befor polymerization

Ti608

x100 &)

Thermal analysis procedure

Thermal conductivity (x), thermal diffusivity (D), and vol-
umetric heat capacity (0C,) tests were conducted via the
transient plane heat source (TPS) method (Hot disc TPS 500,
Sweden). The probe (sensor) was placed between the plane
surface of the two samples and functions as both a heat source
and a temperature-sensing device.””*" The Kapton-type sen-
sor has a disk form with a radius of 6.403 mm, a measurement
time of 160 s, a heating power of 100 mW, and a sample
temperature of 22°C. The analysis software for the TPS 500

instrument produced direct and spontaneous values for all
three parameters.

A thermomechanical analyzer (TMA) (PTS 1000 LIN-
SEIS, Germany) device was used for the CTE («) and elastic
moduli as a function of temperature change and thermal strain
(¢) tests. The test sample was placed in the center of the sam-
ple holder; the tapered tip probe was placed over the center
of the sample, 50 mN pressure was applied, and the rate of
increase in temperature was 5 K/min.

Statistical analysis

Data analysis was conducted via Prism 8 (GraphPad Soft-
ware, USA) and SPSS (Statistical Package for Social Science,
version 21). The findings are presented through bar charts
that represent the mean values and standard deviations as
part of the descriptive analysis. One-way analysis of variance
(ANOVA) was employed along with post hoc Tukey’s HSD
test. The Shapiro—Wilk test was used to determine the nor-
mality of the data distribution, and Levene’s test was applied
to check the homogeneity of the data. p-values exceeding
0.05, those below 0.05, and those below 0.01 denote non-
significant, significant, and highly significant differences,
respectively.

RESULTS
Microstructure and composition

It was determined that the NTs were 30-70 nm in diameter
and 2—4 um in length (Figure 2). However, the particle size
analysis (PSA) of the TiO, NTs revealed that the effective
particle size was 138 nm. As the NTs have elongated cylin-
drical shapes with one dimension at the microscale, the PSA
results do not point to a precise tube dimension (length or
diameter) but rather an average value of the particle size.

EDX mapping of the elemental composition of the 3D-
printed resin without the incorporation of TiO, NTs included
oxygen (O) and carbon (C); the 3D-printed resin after the
incorporation of 1.0 wt.% TiO, NTs contained oxygen,
carbon, and Ti as shown in Figure 3.

The layered structure of the printed samples from the
side was visible, and the layer thickness matched the slice
thickness set during printing (Figure 4a). The 1.0 wt.%
nanocomposite group (Figure 4b) contained TiO, NTs with a
high surface area as a result of the elongated cylindrical shape
within the 3D-printed acrylic resin, and they were almost
completely coated with the resin, indicating a high contact
area between them. The increase in NT diameter measured
could be due to the resin coating around the NTs. On the
other hand, the 5.0 wt.% nanocomposite group (Figure 4c)
showed some degree of aggregation of TiO, NTs as a result
of an increasing filler load.

Figure 5a shows a comparison of the FTIR spectra of the
3D-printed resin, TiO, NTs, and 3D-printed resin mixed with
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FIGURE 2 Microstructure analysis of TiO, nanotubes with particle size analysis results.

FIGURE 3 EDX mapping of only the 3D-printed denture base resin showing the distributions of (a) carbon and (b) oxygen, and after incorporation
with 1.0 wt.% TiO, nanotubes showing distributions of (c) carbon, (d) oxygen, and (e) titanium.

TiO, NTs. No new bonds appeared when the 3D-printed resin
and TiO, NTs were mixed, and all the bonds were the same
in all the spectra except for those of the TiO, NTs. The DC
values for the control, 1.0 wt.%, 2.0 wt.%, and 5.0 wt.%
nanocomposites were 24.49%, 24.08%, 24.59% and 28.04%,
respectively (Figure 5b).

Results from hot disc device tests

The thermal conductivity and thermal diffusivity results were
directly proportional to the percentage of TiO, NTs, but the
volumetric heat capacity results were indirectly proportional
(Figure 6). Significant differences were found between the
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FIGURE 4

(a) FE-SEM images of pure 3D-printed acrylic (control group) showing a printing layer thickness of 50 um, (b) Composite group showing

high contact areas between 3D-printed TiO, nanotubes and PMMA resin, (c) Aggregation of 5 wt.%TiO, NTs within the acrylic resin.
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FIGURE 5 (a) Comparison of FTIR spectra for 3D-printed resin, TiO, NTs, and 3D-printed resin mixed with (1.0, 2.0, and 5.0 wt.%) TiO, NTs, and (b)

degree of conversion results for the selected groups. ****indicates significant differences between the two groups, and ns denotes a nonsignificant difference.

control and other nanocomposite groups for all three ther-
mal properties. In addition, significant differences were found
among the nanocomposite groups, indicating that the addition
of TiO, NTs between 1.0 and 5.0 wt.% influences the thermal
properties.

Results from TMA device tests

The thermomechanical analysis (TMA) results are shown in
Figure 7. As a function of temperature increase, the coef-
ficients of thermal expansion (purple line) increased in a
direct proportional relationship with increasing temperature.
However, the elastic modulus (yellow line) increased as
the temperature increased to 47.2°C, then the elastic mod-
ulus started to decrease with increasing temperature as it

approached or exceeded the glass transition temperature of
the 3D-printed resin.

The CTE results are presented in Figure 8a after comparing
the control and nanocomposite groups at different temper-
atures. First, the a within the same group increased as the
temperature increased. Second, when different groups at the
same temperature were compared, o decreased as the TiO,
NT filler content increased.

The thermal strain (€) test results (Figure 8b) of the same
group increased as the temperature increased. However, when
different groups were compared at the same temperature, a
greater addition of TiO, NTs caused a greater decrease in the
strain percentage.

The elastic modulus results (Figure 8c) revealed that when
different groups at the same temperature were compared, the
elastic moduli increased with the addition of TiO, NTs, with
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FIGURE 6 Results of the (a) thermal conductivity, (b) thermal
diffusivity, and (c) volumetric heat capacity. **** indicates significant
differences compared to the control group.

the highest value found in the 2.0 wt.% TiO, NT group
followed by a gradual decrease in the remaining groups.
However, when comparing the same group (control) of sam-
ples at different (increasing) temperatures, the elastic moduli
increased as the temperature increased from 30°C to 50°C
and then started to decrease as the temperature increased.
It should be noted that significant differences were found
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among the nanocomposite groups for all the thermomechan-
ical properties except the elastic modulus, which showed
nonsignificant differences between the 4.0 and 5.0 wt.%
groups at both 60° and 70°C.

DISCUSSION

The results showed that the thermal and thermomechanical
properties of 3D-printed denture base resin changed signif-
icantly after the addition of TiO, NTs. An increase in the
TiO, NTs concentration improved all the thermal proper-
ties. However, an improvement in the elastic modulus was
observed only in the 1.0 wt.% and 2.0 wt.% TiO, NTs com-
posite groups with a significant decline in the other groups.
Therefore, the null hypothesis should be rejected, and the
alternative hypothesis should be accepted.

Printing parameters and challenges

While printing the samples, the air trapped within the resin
fluid could have led to the formation of voids in and between
the printed layers, which influence the mechanical and ther-
mal characteristics of the printed object.® Printing of the
samples in this study was conducted with a layer thickness
of 50 um. As the thickness of the layer decreases, improved
interlayer diffusion can reduce air voids.’! Borella et al.’?
reported that printing samples with a layer thickness of 50 um
resulted in better properties than those of samples printed at
100 wm.

Multiple challenges such as print failure, particle sedi-
mentation, and void entrapment were encountered during
printing. First, multiple printing trials were carried out to
choose which sample orientation was best for printing due to
the large sample size as shown in Figure 9). Almost all print-
ing errors were encountered with the larger hot disc samples.
In this study, the samples were printed in a vertical orientation
to achieve both successful printing and the best mechanical
properties. Furthermore, other strategies such as increasing
the first layer adhesion to the build plate by increasing the first
layer thickness and increasing the amount of support were
adopted to achieve successful printing of the samples. How-
ever, one issue associated with the vertical orientation was the
longer printing time (2 h and 4 min) compared to a horizontal
orientation (39 min) and possibly increased nanoparticle pre-
cipitation in the final layers of the samples, which could be
directly proportional to the nanofiller load. Notably, the 45°
printing time (2 h and 26 min) was slightly higher than that
of the vertical orientation, possibly due to the higher volume
of support material.

NM concentration and interaction with resin

In this work, one-dimensional (1D) NMs such as TiO,
NTs were used as the filler. TiO, NTs are long,
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FIGURE 7 Thermomechanical analyzer (TMA, PTS 1000 LINSEIS, Germany) device test results.

cylinder-shaped with a hollow space similar to that in a
tube. This enhances surface area-to-volume ratio (approxi-
mately 250 m?/g), which is almost five times greater than
that of TiO, nanoparticles, leading to increased nanotube-
matrix interfacial bonding (interlocking) with a matrix with
high interfacial shear strength.>’ These unique properties
minimize polymerization shrinkage, enhance mechanical
properties, and resist crack propagation.®33

At TiO, NTs concentrations between 1.0 and 3.0 wt.%,
most mechanical properties improve *3# while improvements
in thermal properties occur at relatively higher concentrations
(3.0-5.0 wt.% or higher).'*3*3> As the aim was to improve
the thermal properties without compromising the mechanical
properties, five nanofiller concentrations (1.0, 2.0, 3.0, 4.0,
and 5.0 wt.%) with an increase of 1.0 wt.% between each pro-
gressive group were selected for investigation. Furthermore,
in this research, several printing trials were conducted to ana-
lyze the printability of various nanocomposite groups and to
choose the best parameters and printing conditions. Adding
TiO, NTs above 5.0 wt.% led to filler aggregation, prevent-
ing uniform distribution throughout the liquid resin, and a
greater rate of NT precipitation, which affected printing qual-
ity and interfered with curing light penetration, resulting in
a higher rate of printing failure. For example, minor print-
ing errors (i.e., voids) started to appear at 3.0 wt.%, and the
rate increased in the 4.0 wt.% group. Furthermore, printing
failure occurred in a limited number of samples containing
4.0 wt.% NTs, but the failure rate increased in the 5.0 wt.%
group, which could still be solved by changing the printing
parameters. These final changes in parameters were used as

the standard parameters during the printing of all groups in
this research. However, above a 5.0 wt.% NT concentration,
the printing failure could not be resolved even after adjusting
the printing parameters.

Filler addition to 3D printing resin acts as contamina-
tion, and most 3D printing resins can accept the addition
of 1.0 wt.% filler without any noticeable printing issues. As
the filler concentration increases, more printing issues arise.
First, the stability of the resin suspension during printing
progressively compromised with increasing filler load due
to an increasing rate of creaming or sedimentation resulting
from differences in densities between the resin and NTs.*
A higher rate of precipitation results, especially when print-
ing larger disc-shaped samples in the vertical orientation.
In addition, the loading of a high volume of NTs signif-
icantly alters the viscosity of the resin suspension, which
prevents adequate recoating of the final printed layer with lig-
uid resin during printing, ultimately leading to print failure.*®
However, this issue was addressed by heating the resin to
30°C. Second, the aggregation and sedimentation of the NTs
results in an uneven distribution of fillers within the fabri-
cated sample, hindering the entire geometry from achieving
uniform properties'>*® which was solved by both increas-
ing the mixing time (8 h to ensure an even distribution of
filler) and limiting the addition of TiO, NTs to a maxi-
mum of 5.0 wt.% percentage. Third, numerous composite vat
photopolymerization strategies rely on liquid precursors that
exhibit strong light permeability. Consequently, incorporating
fillers in high percentages diminishes UV light penetration
and curing depth, as scattering by the fillers can impact
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FIGURE 8 Testresults for (a) Coefficient of thermal expansion, (b)
Thermal strain, and (c) Elastic modulus. ****indicates significant
differences compared to the control group.

interlayer curing.’® Fourth, the formation of voids between
subsequent layers of materials occurs as the NT concentration
increases, leading to additional porosity during the printing
process, which negatively impacts the mechanical and ther-
mal performance.’’ However, this was addressed by printing
in a thin layer (e.g., 50 um).

FTIR and DC analysis

Figure 5a shows a comparison of the FTIR spectra of the 3D-
printed resin, TiO, NTs, and 3D-printed resin mixed with 1.0,
2.0, and 5.0 wt.% TiO, NTs. No new bonds appeared when
the 3D-printed resin and TiO, NTs were mixed, and all the
bonds were the same in all the spectra except for those of the
TiO, NTs. This clearly indicated that the mixing was purely
physical rather than chemical.

ACP

Owing to the photocatalytic properties (photoinduced pro-
cess) of TiO, NTs,?’ the addition of TiO, NTs accelerated
photopolymerization. However, in this study, the addition of
small percentages of TiO, NTs (1.0 wt.% and 2.0 wt.%)
did not change the DC values (24.08% and 24.59%, respec-
tively) compared to those of the control group (24.49%). The
absence of a chemical reaction between the resin and TiO,
NTs could support this observation. However, at 5.0 wt.%,
the DC result (28.04%) increased by 3.55% compared to
that of the control group. This improvement in DC with the
addition of filler is consistent with the findings of Sulaiman
et al.*® In 3D-printed denture base resins, the complete con-
version of aliphatic carbon-carbon double bonds is generally
not achieved. The unconverted double bonds present in the
resin result from two primary sources: unreacted monomers
and pendant double bonds located at the ends of the polymer
chains.?” This can be explained by the fact that during poly-
merization, monomers experience a sequence of chemical
events to produce polymer chains. Initially, monomers exist
in a liquid form, allowing unrestricted movement and inter-
action with neighboring monomers. The elevated mobility
facilitates the effective delivery of reactive species, enhanc-
ing polymerization and leading to a progressive increase in
the DC until the gel point, at which point the polymer chains
become interlinked where the mobility of the monomers
diminishes markedly. The reduction in monomer mobility
following the gel point hinders their diffusion and reac-
tion with other monomers, which may affect the DC.*’ This
reduction in monomer conversion increases in methacrylate
resin at increased cross-linked levels.*! In addition, the large
sample size printed in this research (discs of 40 mm in diame-
ter and 15 mm in thickness, and cylinders of 20 mm in length
and 5 mm in diameter) would limit penetration of curing light.
Also, long printing time results in sedimentation and affects
the homogeneity of the final layers and composition, which
in turn affects the DC. The above reasons explain the low DC
of the control group (24.49%).

The clinical relevance of DC% could be associated with
the thermal, mechanical, and biocompatibility properties of
the 3D-printed denture base resin reinforced with TiO, NTs.
For example, there is a direct correlation between DC%
and thermal conductivity. Since the rate of energy transfer
between linked monomers is more than 100 times faster than
that between non-linked monomers,*> any improvement in
DC% leads to enhanced thermal conductivity, which can pos-
itively affect taste perception and improve marginal integrity.
Additionally, an improvement in DC% enhances some of
the mechanical properties of 3D-printed resin,”* including
elastic modulus.*> However, the mechanical properties of
3D-printed resin composites (especially the elastic modu-
lus) depend on factors related to both the resin matrix and
filler content.** The decline in the elastic modulus in the
5.0 wt.% group despite the increase in DC could be attributed
to the aggregation of the NT filler, which at higher concen-
trations acts as a plasticizer. Again, a higher DC% decreases
the amount of residual monomer, leading to a reduction in
adverse reactions in the oral tissues.
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FIGURE 9 Different types of printing errors due to sample size: (a, b, c), Failure in printing the final layers of large samples with a high percentage of
filler due to the excessive height of the samples, which is too long to print, leading to increased filler precipitation in the final layers. (d, e, f) Falling samples
due to high suction and low adhesion between the samples and the plate. (g) Precipitations of the nanotube leading to printing failure due to high suction, (h)

void entrapment within printed layers.

Analysis of thermal properties

The low thermal conductivity (k) values of the polymers
can be attributed in part to the reduced crystallinity of their
internal physical structure.*>*> In this study, the 3D-printed
resin consists of copolymers of different branched polymers
(comprising urethan di-methacrylate and tetrahydrofurfuryl
methacrylate), which reduce the thermal conductivity of the
final printed resin sample. Additionally, experiments have
indicated that x is approximately 0.1-0.2 W/km for the
van der Waals systems,42*46’47; hence, PMMA has a x of
approximately 0.20 W/km, with a peak value for amorphous
polymers of approximately 0.4 W/km.*>#>4748 In this study,
the mean value of x of the 3D-printed resin (control group)
was 0.2111 W/mK, which is in agreement with the findings
of Xie et al.*®

Additionally, research indicates that the thermal conductiv-
ity of a polymeric solid can be improved by incorporating a
second component as a filler that possesses a relatively high
thermal conductivity.*> The filler composition (nanoparticles,

NTs, chains/clusters)*>* and how it is arranged through-
out the matrix*’ also influence the thermal conductivity. The
thermal conductivity of TiO, NTs is approximately 0.40-
0.84 W/mK (average 0.62 W/mK) at room temperature,’”
whereas that of PMMA is 0.20 W/km.*>*>#748 This work
revealed that the x increased with an increasing concentration
of TiO, NTs added to the 3D-printed resin composite groups,
with a maximum value for the 5% TiO, NT composite group.
These findings agree with those of Mukherji,*> Xu et al.,*’
and Hussain et al.*’

Thermal diffusivity (D) is the rate of temperature trans-
fer within a substance and is directly proportional to the
thermal conductivity (k) and inversely proportional to the
volumetric heat capacity (oC,). Rohde et al.”' reported that
the mean thermal diffusivity value of PMMA was approx-
imately 0.114 + 0.0035 mm?/s at room temperature, while
for the compact PMMA, the value was reported to be
0.15 mm?/s.”> Additionally, Sharma et al. reported that the
thermal diffusivity of TiO, NPs was 0.425-0.430 mm?/s
at room temperature.’’ In this study, the mean thermal
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diffusivity value of the control group was 0.143 mm?/s. Addi-
tionally, there was an increase in D, which was directly
proportional to the percentage of TiO, NTs added to the 3D
printing resin.

The volumetric heat capacity (oCp,) is a fundamental phys-
ical property of matter and is characterized as the energy
necessary to increase the temperature of a unit volume of a
substance by one degree (°K or°C) under constant pressure.
It shows an inverse relationship with the thermal conductiv-
ity and thermal diffusivity (D).”*>> The mean value for the
control group was 1.7933 MJ/m’K, and the volumetric heat
capacity decreased with increasing filler content, with a min-
imum mean value of 1.1787 MJ/m?K for the 5% TiO, NT
composite groups. These results agree with those of Fuchs
et al.’** and Sun et al.’’ in a way that the volumetric heat
capacity is inversely proportional to the thermal conductivity
and thermal diffusivity.

Analysis of thermomechanical properties

The CTE or « is defined as the ratio of the alteration in the
length of the sample to the start length when the tempera-
ture changes, expressed as @« = AL/L°® AT.>° An a mismatch
among neighboring layers or components in systems may
lead to structural deterioration, including interfacial delam-
ination or cracking.’’ For the CTE test results, a comparison
between groups at different temperatures reveals two impor-
tant findings. First, when the same group is compared at
different temperatures, the CTE increases as the tempera-
ture increases. This phenomenon occurs due to a rise in the
kinetic energy of the atoms and molecules within the struc-
ture, leading to more vigorous vibrations and movements of
its particles. Increasing the temperature leads to wider dis-
tances between atoms and molecular chains. Furthermore, as
the temperature approaches or exceeds the glass transition
temperature of the polymer, the CTE tends to rise sharply,
leading to significant thermomechanical stresses within the
structure.”® Second, when different groups are compared at
the same temperature, the CTE decreases as the TiO, NT
filler content increases, which is consistent with the results
of Safi.'* This could be due to greater interfacial interactions
between the nanofillers and the resin matrix, which limits
chain mobility and macromolecules. The reduction in CTE
would reduce marginal deterioration at the interface between
different denture parts during the denture service life as a
result of thermal fluctuations in the oral environment during
the consumption of hot and cold drinks and food.

The thermal strain (€) results from the anharmonic poten-
tial energy of a material. The anharmonicity leads to an
increase in interatomic separation with increasing tempera-
ture, represented by € = axAT.>’>? The control group has
a mean thermal strain value of 0.0817% at 30°C, which
increases as the temperature increases, with a mean value of
0.5365% at 70°C. A greater addition of TiO, NTs (5.0 wt.%)
caused a greater decrease in the strain percentage, which was
0.046% at 30°C and 0.427% at 70°C. As the filler content
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increases, the chain mobility decreases,'* leading to a lower
strain.

The mean elastic modulus value for the control group
was 2464.6 MPa at 30°C. The modulus with the addition
of 2.0 wt.% TiO, NTs was the highest with a mean value
of 3906.0 at 30°C, which was consistent with the results of
Safi'* and with those of AlGhamdi et al.” The values for
all the nanocomposite groups exceeded 2000 MPa (recom-
mended ISO 20795-1:2013) and were higher than those of the
control group.” This enhancement could be attributed to two
factors: first, the decreased elastic deformation of the organic
matrix®! because these nanofillers (which have large surface
areas) fill the interstitial polymer regions (spaces between the
polymer chains) and prevent the movement of the polymer
chain segments.> Second, a network-like framework forms
at high filler percentages.®! Third, the Young’s modulus of
TiO, is estimated to be 118.54 GPa,®® which is significantly
greater than that of the pure polymer (2464.6 MPa). However,
as the filler content increased above 2.0 wt.%, the elas-
tic modulus decreased. The concentration-dependent shifts
in the mechanical properties of a nanoparticle-filled poly-
mer demonstrated that an increase in the proportion of NMs
clearly resulted in the aggregation of the nanofiller.®* At 1.0
and 2.0 wt.% TiO, NTs, the resin wets the nanoparticle sur-
face, resulting in the immobilization of macromolecules on
the filler surface, which subsequently leads to an increase
in the mechanical properties.®> In addition, above 2.0 wt.%
TiO, NTs, the filler starts to aggregate, and the resin matrix
fails to effectively wet the filler surface and behaves as a
plasticizer.*” This reduces the effective surface area for stress
transfer and weakens the composite.”” Additionally, the elas-
tic moduli increase as the temperature increases from 30°C to
50°C and then start to decrease as the temperature increases
to 70°C. This can be explained by the fact that as the tempera-
ture approaches or exceeds the glass transition temperature of
a thermoset polymer, the mechanical properties of the poly-
mer decline significantly,’® resulting in a rubber-like nature,
which is due to an increase in kinetic energy (quantifying
motion capacity) among the atoms of the sample.

A comparison of previous reports®°® with the current
results revealed that the addition of 2.0 wt.% TiO, NTs to
3D-printed resin could produce optimum mechanical, physi-
cal, thermal, and thermomechanical properties for the denture
base.

Clinical significance, limitations, and future
work

By incorporating TiO, NTs into 3D-printed denture base
resins, several practical advantages can be achieved. First,
there is an enhancement in thermal conductivity and ther-
mal diffusivity, potentially leading to better perception of
hot and cold foods and drinks and improved patient sat-
isfaction. Second, during mastication and drinking of hot
and cold food and drinks, different materials undergo differ-
ent thermal expansion rates under a wide range of intraoral
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temperature changes, which could affect the marginal
integrity and result in cracking or separation between the
denture base and the artificial teeth. The addition of TiO,
NTs resulted in a decrease in the thermal strain and CTE,
which means that the interface among various denture parts
would experience less marginal deterioration, leading to an
improved shelf-life of the denture. Third, at elevated temper-
atures, the mechanical properties of the 3D-printed denture
base resin decrease. Therefore, during the mastication of hot
food, any reduction in thermomechanical properties might
affect the integrity of the denture base. The improvement in
the mechanical properties (elastic modulus) of the denture
base due to the addition of TiO, NTs helps to better withstand
the mastication force during the consumption of hot foods.

TiO, nanoparticles, a food additive commonly used
in processed foods,’ are biocompatible, noncytotoxic,’®
and have improved cell viability/proliferation at various
concentrations.®” TiO, NTs are used as coatings for titanium
implant surfaces to accelerate osteoblast (bone cell) adhe-
sion and proliferation at the biomaterial-tissue interface and
enhance bone mineral formation.”” However, it should be
acknowledged that higher concentrations of TiO, in denture
base materials can raise concerns about their biocompati-
bility. These include cytotoxic effects,”! which may harm
surrounding tissues, and trigger an inflammatory response
in the oral tissues,’” leading to discomfort or adverse reac-
tions. Therefore, it is essential to balance the concentration
of TiO, to maximize the thermomechanical properties while
minimizing any risk of biocompatibility.

Additionally, it should be noted that printing was carried
out using a single type of 3D-printed resin with a single
layer thickness (50 um), a single post-printing polymerization
(30 min), one printing orientation (vertical), and the addition
of a single nanofiller (TiO, NTs). The current results might
differ from those of other resins, printing methods, and print-
ing set-ups. Furthermore, it would be wise to perform tests
with hybrid nanocomposites containing mixtures of differ-
ent nanofillers with different natures, sizes, and geometries.
Additionally, the tests conducted under dry conditions, with-
out allowing them to age in various liquid media such as
water, artificial saliva, or coffee, do not represent how they
would operate in an actual oral environment. Consequently,
further research will be carried out to evaluate the character-
istics of the nanocomposite materials following accelerated
aging under certain conditions.
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CONCLUSIONS

Resin nanocomposites for denture bases were successfully
printed by a DLP printer with TiO, NTs ranging between
1.0 wt.% and 5.0 wt.%. The EDX map and FE-SEM images
revealed that the TiO, NTs were evenly dispersed through-
out the 3D-printed resin. The FTIR results revealed that
the addition of TiO, NTs to the resin could be considered
only a physical blend with no alteration in chemical struc-
ture, though the addition of NTs could affect the DC of the

nanocomposite groups studied. The thermal properties of the
3D-printed materials improved with increasing percentage of
TiO, NTs. These properties include the thermal conductivity,
thermal diffusivity, volumetric heat capacity, thermal strain,
and CTE. The thermomechanical properties, such as the mod-
ulus of elasticity, improved in the 1.0 wt.% and 2.0 wt.% TiO,
NTs composite groups but progressively decreased as the
TiO, NTs percentage increased above 2.0 wt.%. The favor-
able thermal and thermomechanical properties obtained by
adding an appropriate amount of TiO, NTs to the 3D-printed
resin could lead to better outcomes for denture wearers in
relation to structural integrity at higher mastication forces and
perceptions of food taste.
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