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Mechanical Properties Inprovement of 3D-Printed Aesthetic Dental
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Artificial Crowns Using UV-Curable Ceramic-Urethane Acrylate
Nano-Composite Resins with Varying Filler Ratios

ABSTRACT: This study developed a composite resin by mixing Barium glass, treated with a silane coupling agent, into
a photocurable resin composition containing synthesized urethane acrylate oligomers. The chemical structure of the
synthesized oligomers was confirmed through FT-IR spectroscopy, and the molecular weight was measured using Gel
Permeation Chromatography (GPC). The dispersion of barium glass was evaluated using Turbiscan equipment, and
the mechanical properties were analyzed using a universal testing machine. Additionally, optimal conditions for 3D
printing were established, and the accuracy of the output was assessed through tolerance grading and overlapping 3D
image analysis. Furthermore, radiopacity was confirmed by comparing radiographic images with extracted teeth.
Experimental results showed that as the content of Barium glass increased, both mechanical strength and dispersion
improved, with the highest flexural strength, flexural modulus, and tensile strength observed at 15 wt.%. Moreover,
the lowest TSI index was measured under these conditions, confirming the optimal dispersion of Barium glass. The
analysis of output accuracy recorded a high precision of over 99.9% while maintaining good dispersion. Radiographic
analysis revealed a radiopacity similar to that of dentin compared to actual extracted teeth, and the internal structure

was easily observable.
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1. INTRODUCTION

In endodontic treatment, dental restorative materials such as
inlays, artificial teeth, crowns, and bridges are used to replace
or restore teeth damaged by caries or fractures. Among these
materials, composite resins [1], composed of polymer resins
and inorganic fillers, are classified into resin-based, ceramic-
based [2,3], and metal-based categories [4]. While metal mate-
rials offer excellent mechanical properties, they lack aesthetics
and bonding strength with natural teeth, often requiring sig-
nificant tooth reduction to prevent restoration failure. Ceramic
materials possess high strength, transparency, heat resistance,
and chemical stability, but their high surface hardness can lead
to excessive wear on opposing teeth, and they are prone to
brittleness and low resistance to internal defects [5].

Recently, polymer-based photocurable resins used in additive
manufacturing technologies, particularly stereolithography
(SLA) and digital light processing (DLP), have gained atten-
tion in dental prosthetics [6,7]. These technologies allow for
the production of precise, customized prosthetics tailored to
oral structures, suitable for various dental applications like
dental models, temporary crowns, impression trays, ortho-
dontic devices, and surgical guides [8,9]. However, the
mechanical properties of polymer materials are typically lower
than those of metal and ceramic materials [10].

Photocurable additive manufacturing technologies create
customized 3D shapes by selectively exposing a UV light
source, layering two-dimensional curing surfaces. Dentist’s
design desired tooth positions and occlusion patterns based on
oral scan files using CAD software, subsequently stacking two-
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dimensional sections to form a three-dimensional shape [11].

Radiopacity is a critical property in dental prosthetics,
essential for evaluating the fit of restorations, detecting sec-
ondary caries, and assessing long-term stability through
radiographic imaging. Barium glass, known for its high trans-
parency and radiopacity, is suitable for X-ray analysis and
reduces UV light scattering during 3D printing, enhancing
mechanical properties [12,13]. Its high elastic modulus, resis-
tance to polymerization shrinkage, and low thermal expansion
coefficient minimize deformation, thereby increasing tough-
ness. However, using ceramic particles as fillers in composite
materials can lead to reduced dispersion stability between the
particles and the polymer due to differences in surface char-
acteristics and density, which may impair mechanical prop-
erties [14,15]. Silane coupling agents can modify the surfaces
of ceramic particles, enhancing their bonding with organic
materials and improving dispersion stability [16].

This study evaluates the dispersion stability, mechanical
properties, and radiopacity of composite resins used in 3D
printing by adding silane-treated Barium glass as a filler. The
research aims to explore the potential of polymer materials
containing ceramic fillers for dental prosthetics.

2. EXPERIMENTAL

2.1 Materials

This study utilized Barium glass nanoparticles (Sukgyung
AT, Korea), including BaO, a-Al,O,, and amorphous SiO,.
The average particle size was 800 nm and the corresponding
standard deviation was 0.46 pum. Fig. 1 illustrates the particle
size distribution and morphology of the nanomaterials. The
particle surfaces were modified with the silane coupling agent
3-(Trimethoxysilyl) propyl methacrylate (CAS No. 2530-85-0),
which contains methacryloxy groups (Sigma Aldrich). Addi-
tionally, urethane-based oligomers were synthesized in-house.

To achieve an A2 shade similar to natural teeth, the syn-
thesized oligomers, monomers, photo initiators, and two types
of organic pigments were mixed, with their types, chemical
structures, and average molecular weights summarized in
Table 1. Barium glass was added to the photocurable resin in
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Fig. 1. (a) Result of laser scattering particle size distribution of
silane coated barium glass powder, (b) FE-SEM image of
silane coated barium glass powder

Table 1. Material properties

Material Chemical structure M (g/maol)
Barium glass Ba, Ca, Al, Quartz -

+MPS CyHy0:Si 2483
Polytetramethylene ether glycol HO(CH:0).H 650.0
1 4-Cyclohexanedimethanol CyH,0, 144.2
Cyelic trimethylolpropane formal acrylate [ 200.2
Urethane Methacrylate CiHiNOs 4706
2-Hydroxyethyl Methacrylate CaHy0; 130.1
Phenylbis (2,4,6-trimethyl benzoyl) phosphine oxide Col: 0P 4185
Butylated hydroxytoluene CisHx0 2204
Benzimidazolone CigHiN0s 7
Diketopyrrolo-Pyrrole CigHiCLN 0, 3512

varying proportions to create five sample compositions,
R100:B0, R95:B5, R90:B10, R85:B15 and R80:B20, which were
then used for comparative analysis of mechanical properties.

2.2 Oligomer Synthesis

The oligomers used in this study are urethane acrylate
oligomers. Urethane linkages are synthesized through the
addition polymerization reaction between polyols, isocyanates
(-N=C=0), and active hydroxyl groups (-OH), resulting in the
release of reaction heat. Bifunctional diols play a crucial role in
this process, serving as chain extenders and forming com-
pounds with the [-NHCOO-]n structure, which are referred to
as urethane linkages. When n exceeds 1000, the compound is
defined as polyurethane.

The combination of urethane and acrylate creates materials
with excellent flexibility at low temperatures, along with out-
standing optical properties, weather resistance, abrasion resis-
tance, and transparency. This potential, coupled with the
ability to design the molecular structure to adjust physical
properties, makes these materials a source of inspiration and
widely used in adhesives, coatings, and sealants [17]. The syn-
thesis of the urethane oligomer, as depicted in Fig. 2, is a com-
plex process. It is based on Isophorone diisocyanate (Sigma
Aldrich) and polytetramethylene ether glycol (Sigma Aldrich),
with low molecular weight polyol (1,4-Cyclohexanedimetha-
nol, Sigma Aldrich) and Phenylbis (2,4,6-trimethyl benzoyl)
phosphine oxide (Sigma Aldrich) serving as a chain extender.
The addition of catalysts and thermal stabilizers to the mixture
is crucial, as they induce urethane reactions at 65°C. The intro-
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Fig. 2. Synthesis process of urethane methacrylate oligomer
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Fig. 3. (a) 1°* stirring process with 1,500 rpm, 30 min at 60°C (b)
Ultrasonication process with 1.5 h by 6s pulse and 4s
cooling, (c) 2" stirring process with 1500 rpm, 3 h at 25°C
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Fig. 4. Manufacturing process of composite resin with silane
coated Barium glass powder

duction of acrylate functional groups to the terminals of the
urethane prepolymer through end-capping allows for molec-
ular weight adjustment, adding another layer of complexity to
the process.

2.3 Composite Resin Manufacturing

The composite resin was prepared by stirring in a beaker
maintained at 60°C using a mixer at 1,500 RPM for 30 minutes.
As described in Fig. 3, after the initial mixing, ultrasonic treat-
ment was performed using a probe sonicator for 1 h and
30 min with output power of 64.1 W, following a 6 s pulse and
4-s pause pattern. Once the ultrasonic treatment completed,
the composite resin was stirred at room temperature for 3 h to
finalize the production. As shown in Fig. 4, the resulting com-
posite resin incorporated surface-modified barium glass in
varying ratios of 5 wt.% (R95:B5), 10 wt.% (R90:B10), 15 wt.%
(R85:B15), and 20 wt.% (R80:B20), mixed with synthesized
oligomers, monomers, and photo initiators. This mixed com-
posite resin was the basis for designing the output shape,
which was then produced using 3D printing.

2.4 Characterization
To assess the dispersion effectiveness of the surface-modified
particles in the photocurable resin, composite resins mixed in

T S )
'

Fig. 5. General geometric tolerance test (a) test standard on
linear length, (b) the specimen preparation, (c) measure-
ment of outline distance (20 mm=0.1 mm), (d) measure-
ment of inner width (5+0.05 mm)

the same ratios were measured and placed in vials at room
temperature for an extended period. The dispersion was eval-
uated by visually inspecting for sedimentation. Additionally, to
comprehensively assess the changes in dispersion stability due
to sedimentation and agglomeration based on barium glass
content, the manufactured composite resin was subdivided
and subjected to Turbiscan analysis, measuring the Turbiscan
Stability Index (TSI) at 25°C over 5 h at 10-minute intervals
[18].

The TSI is defined as the absolute sum of the distance dif-
ferences between each profile overtime at the sample height. A
higher TSI value indicates lower dispersion stability [19].

The composite resin was subjected to 3D layer curing using
a UV printer (Slash 2, UNIZ Technology) set to a UV intensity
of 8.8 mW/cm®. Post-curing was performed in a nitrogen
atmosphere for 20 min using a UV curing device (TeraHarz
Cure, Graphy Inc) with a UV intensity of 689 mW/cm?

To determine the optimal 3D printing conditions, the UV
exposure times were varied at 1.9 s, 2.0 s, and 2.1 s to measure
dimensions. Fig. 5(a) shows a rectangular donut specimen
designed according to ISO 2768 with an outer length of 20 mm
and an inner wall width of 5 mm [20], applying allowable
deviations based on each tolerance standard. The specimens
cured with the varied exposure times are presented in Fig.
5(b). After the layer curing and post-curing, dimensions were
measured at four locations using a Vernier caliper, and the
results are shown in Fig. 5(c) and Fig. 5(d).

Optical measurements were conducted using a non-contact
vision measuring device (EV-2515, Suzhou Easson Optoelec-
tronics Co., Ltd) to verify the actual layer thickness of 100 pm
in the printed samples for each UV exposure time. The accuracy
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Fig. 6. (a) Extracted natural crown, (b) 3D printed artificial sec-
ond molar crown, (c) 3D printed artificial lateral incisor
crown, (d) 3D printed 3-unit bridge

of the printed shape was evaluated against the originally
designed digital model. The STL file of the original 3D digital
model served as the experimental group, while the actual
printed shape was scanned using a 3D scanner (E3 Lab scanner,
3Shape) and converted into an STL file for comparison.

The flexural strength specimens were fabricated according
to ISO 10477: Polymer-based crown and veneering material,
and for the tensile strength specimens (by using a standard
dumbbell shape), ASTM D638: Standard test method for
tensile properties of plastics were followed. Mechanical property
measurements for the printed flexural and tensile specimens
were performed using a universal testing machine (ProLine
7010, Zwick/Roell) [21,22].

2.5 Radiopacity Testing

For radiopacity testing, recently extracted teeth were selected
as the control group, while three types of crowns and bridges
designed via CAD/CAM were 3D printed for the experimental
group. Each sample's radiopacity was evaluated by comparing
the radiographs. The selected human tooth specimens had low
root curvature and a single canal. Prior to testing, the specimens
were stored in 2.5% sodium hypochlorite for 24 hs, followed
by ultrasonic scaling and root planning to remove residual
periodontal tissue and calculus. They were then kept in saline
until measurement.

Each specimen was positioned above a digital radiographic
sensor and exposed to X-rays using a dental diagnostic X-ray
machine (D-65-P/ESX, Vatech Co., Ltd) under the conditions
of 65 kV and 5 mA for 0.2 s at a distance of 200 mm below the
sensor center, utilizing periapical radiography. The captured
radiographs were digitally processed to confirm the internal
structure and radiopacity characteristics of the 3D-printed
outputs.

3. RESULTS AND DISCUSSION

3.1 Oligomer Synthesis and Dispersion Evaluation of
Inorganic-Organic Composite Resin

The IR spectrum during the synthesis of photopolymeriz-
able urethane acrylate oligomers is shown in Fig. 7. In panel
(a), the spectrum illustrates the formation of a prepolymer
with NCO terminal groups, resulting from the reaction
between polyol and isocyanate. The characteristic peak of iso-

Table 2. GPC results of synthesized urethane acrylate oligomer

M, M, M, M. M, PD
LOT1 3.957 1,810 3430 12,731 3.056 1.8951
LOT?2 3.957 1,791 3,384 12,577 3.015 1.8894
LOT 3 3,880 1,787 3,355 12,383 2,992 1.8770
LOT4 4,554 1,850 3,564 13,180 3,170 1.9260
LOT 5 4,117 1,778 3,354 12,302 2,991 1.8861
Avg 4,003 1,803 3417 12,635 3,045 1.8947

Transmittance (%)

Fig. 7. FT-IR spectra of (a) prepolymer of urethane acrylate oligo-
mer (b) Synthesized urethane acrylate oligomer
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Fig. 8. GPC result of synthesized Urethane acrylate oligomer
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Fig. 9. (a) Mixed composite resin with 15 wt.% barium glass
between silane coated powder and raw powder, (b)
Result of 24 h after with 15 wt.% barium glass between
silane coated powder and raw powder
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cyanate (NCO) appears at 2,270 cm™ [23], while the C-H
stretching vibration peaks are observed in the range of 2,840-
3,000 cm™.

In panel (b), the spectrum of the completed oligomer is
presented. Here, the NCO characteristic peak at 2,270 cm
disappears, and a peak corresponding to the N-H bond, indic-
ative of urethane linkages, appears at 3,370 cm™ [24], con-
firming the completion of the synthesis. The results of Gel
Permeation Chromatography (GPC) analysis of the synthe-
sized oligomer are illustrated in Fig. 8, revealing an average
molecular weight (M) of 3,417 g/mol. The detailed mea-
surement results are summarized in Table 2.

To visually evaluate the dispersion effectiveness of the com-
posite resin manufactured using silane-coupling-agent-treated
powders, a mixture was prepared with 15 % of both treated
and untreated powders, as illustrated in Fig. 9(a).

After 24 h of standing, the sedimentation was assessed. The
results shown in Fig. 9(b) demonstrate that the resin con-
taining the silane-coupling-agent-treated powders exhibited
no particle sedimentation, maintaining good dispersion. In
contrast, the resin with untreated powders failed to maintain
dispersion, resulting in particle sedimentation at the bottom of
the beaker.

Based on this, the changes in dispersion stability corre-
sponding to varying contents of surface-modified Barium
glass were analyzed using the Turbiscan Stability Index (TSI),
as shown in Fig. 10 [25]. The results indicate that the R85:B15
composition exhibited the best dispersion stability during the
5-h experiment. In compositions with 5-10% modified Bar-
ium glass, the TSI index increased over time; however, initially,
it remained lower than the 15% composition, suggesting that
dispersion was maintained. Notably, after 3 h, the TSI index
for these compositions surpassed that of the 15% composition.
In contrast, when the particle ratio increased to 20%, the TSI
index experienced the most significant rise, indicating sub-
stantial changes in the sample due to reduced dispersion sta-
bility. Ultimately, these findings demonstrate that the surface-
modified Barium glass powder can maintain good dispersion
stability at levels up to 15%.
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Fig. 10. TSI curves of composite resin with different barium
glass composite ratio in terms of time
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Fig. 11. General geometric tolerance test of (a) 1.9 s of UV expo-
sure time, (b) 2.0 s of UV exposure time, (c) 2.1 s of UV
exposure time

3.2 Evaluation of Optimal Output Conditions

To establish the output conditions for the composite resin
containing surface-modified Barium glass powder, the UV
exposure time at 405 nm was varied while printing standard
square donut specimens. The dimensions of each test speci-
men were measured to ensure compliance with the specified
tolerance grades, as shown in Fig. 11.

In panel (a), when the exposure time was adjusted to 1.9 s, it
was visually confirmed that the specimen adhered to the
platform without detaching during the layer curing process.
However, the measurements indicated that the size of the
cured specimen did not meet the tolerance criteria, resulting
in a dimension smaller than the intended size. Panel (b)
reflects the results when the exposure time was increased to
2.0 s, demonstrating that both the shape dimensions and tol-
erance criteria were satisfied. Conversely, in panel (c), increas-
ing the exposure time to 2.1 s led to excessive curing, resulting
in a specimen larger than the specified dimensions. Addi-
tionally, the layer height was uniformly set to 100 pm under
each UV exposure condition, and the measured layer thick-
nesses are presented in Fig. 12. In panel (a), with a 1.9-second
UV exposure, an average layer thickness of 95.2 um was mea-

(a) ) (e}

o002

[
01003 LX)
0.100

01838
01803
Tmm imm mm

Fig. 12. Layer thickness measurement which designed by
100um when (a) 1.9 s of UV exposure time, (b) 2.0 s of
UV exposure, (c) 2.1 s of UV exposure
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sured, indicating insufficient exposure time to achieve the full
100 wm layer height. In panel (b), with an exposure of 2.0 s, an
average thickness of 100.2 um was achieved, confirming that
the applied layer height during slicing was adequately satisfied.
However, in panel (c), with a 2.1-s exposure, the measured
thickness averaged 105.4 um, indicating over-curing. The
over-cured layer thickness resulted in subsequent layers being
cured at a greater height than intended, potentially leading to a
decline in the precision of the final shape.

3.3 Analysis of Mechanical Properties

Fig. 13 compares the composite resin's flexural strength and
tensile strength from five experimental groups. Panel (a)
presents the results of flexural strength and flexural modulus
measurements, showing the highest values for the R85:B15
composition. The R95:B5 formulation did not exhibit a sig-
nificant increase in strength compared to the powder-free
R100:BO composition, while a notable trend of increased
strength was observed in the R90:B10 formulation. In the
R80:B20 composition, no significant increase in strength was
detected compared to the R85:B15 formulation and similar
trends were noted for the flexural modulus.

The results of tensile strength and elongation measurements
are shown in panel (b). The tensile strength did not show sig-
nificant increases in the R100:B0 and R95:B5 compositions,
but strength improvements were confirmed in formulations
with R90:B10 or higher ratios. Additionally, the tensile
strength measurement for the R80:B20 composition showed a
slight decrease compared to the R85:B15 formulation. In con-
trast, the elongation decreased with increasing Barium glass
powder content, gradually declining at compositions of
10 wt.% or more.

This phenomenon suggests that the surface-modified Bar-
ium glass particles act as insoluble, non-reactive materials dis-
persed within the polymer matrix, effectively enhancing
mechanical properties. However, when the content of insol-
uble non-reactive materials exceeds a certain threshold, it may
negatively affect the radical polymerization process involved in
the photo-curing of the resin structure, leading to a reduction
in strength due to unfavorable effects on the formation of the
crosslinked network of the photopolymer.

ELONGATION AT BREAK (%]

Fig. 13. (a) Flexural strength and flexural modulus results of 3D
printed object with different R/B particle ratio. (b) tensile
strength and elongation at break result of 3D printed
object with different particle ratio

Fig. 14. Radiography of (a) Extracted natural crown, (b) 3D
printed artificial second molar crown, (c) 3D printed
artificial lateral incisor crown, (d) 3D printed 3-unit
bridge

3.4 Radiopacity

Fig. 14 illustrates the radiopacity characteristics of three
types of artificial crowns fabricated through layer-by-layer cur-
ing with the R85:B15 composition, compared to actual
extracted teeth captured via radiographic imaging. The radi-
opacity of the 3D-printed artificial teeth was found to be
higher at dentin but that of lower at enamel, when compared
to the actual extracted teeth. Overall, the high dispersion of
inorganic particles within the printed materials resulted in a
clear delineation of the shapes in the radiographic images, and
the shape of the inner hole, designed for the connection with
the upper structure, was also visible in the photographs.

4. CONCLUSIONS

In this study, we enhanced the strength of inorganic-organic
composite resins used in digital light processing technology by
modifying the surface of Barium glass particles through
hydrolysis and condensation reactions with a silane coupling
agent. The surface-modified powder was dispersed in a pho-
tocurable composite resin formulation using self-synthesized
oligomers. The R85:B15 composition exhibited the lowest Tur-
biscan Stability Index (TSI), indicating the highest dispersion
stability.

As the Barium glass content increased, there was a tendency
for flexural strength, flexural modulus, and tensile strength to
rise, while elongation at break decreased with increasing Bar-
ium glass content. However, above 10 wt.%, the elongation
reduction was insignificant and remained relatively constant.
In contrast, compositions exceeding 20 wt.% exhibited a
decline in flexural strength, flexural modulus, and tensile
strength. Therefore, it was clearly suggested that an excess of
insoluble, non-reactive materials interferes with the radical
polymerization process during photopolymerization, acting as
a detrimental factor that negatively impacts the mechanical
properties.
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