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Effects of silica particle size on the
mechanical, surface and printing-
trueness properties of 3D-printing
dental resin
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This study investigated the effects of silicon dioxide (SiO,, silica) particle size on the mechanical,
surface, and printing-trueness properties of 3D-printed dental resin. Silica nanoparticles (5-

20 nm) and microparticles (0.5-10 pm) were incorporated at 1 wt% and 2 wt% into a commercial
3D-printing resin. The specimens were printed and postprocessed under standard conditions.

Particle size distribution was determined using a Particle Size Analyzer. Surface characteristics

such as color difference and roughness were analyzed using a profilometer and spectrophotometer.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) assessed

the microstructure and silica dispersion. Degree of conversion (DC), flexural strength and Vickers
hardness were evaluated to demonstrate the polymerization efficiency and mechanical performance
of the modified resins. Printing trueness was measured using digital superimposition analysis of
customized crowns by RMS (root mean square) values. Biocompatibility was evaluated via WST-8
assay using HGF cells treated with 24 h and 72 h extracts of the specimens. Results showed that small
silica particles at 2 wt% produced a whitening effect (AE=27.15+0.60), while also improving surface
smoothness (55.60 +7.91 nm). In contrast, large silica particles at 2 wt% increased surface roughness
(114.73 +8.19 nm). The highest degree of conversion (P <0.01) was also observed in the small-particle
2 wt% group. Large particles at 2 wt% yielded the highest flexural strength (134.03 +4.65 MPa) and
Vickers hardness (17.12+0.19 HV). SEM and EDS images confirmed a uniform silica dispersion and
distinct morphology depending on particle size. All silica-containing resins showed comparable HGF
viability to controls at both 24 and 72 h, regardless of particle size or concentration. Trueness analyses
of crowns indicated reduced accuracy for both small (108.94 + 4.14 pm) and large (105.38+7.27 um)
silica particles at 2 wt%. In conclusion, silica incorporation significantly alters resin properties but with
satisfying biocompatibility. Large particles enhance mechanical strength but reduce smoothness and
trueness. Small particles improve DC and surface smoothness with whitening effects. Optimizing silica
size and concentration is crucial for dental resin applications.

Keywords 3D-printing resin, Silica particles, Silica size, Mechanical properties, Biocompatibility, Printing
trueness

Developments in computer-aided design and computer-aided manufacturing (CAD/CAM) have led to
considerable advancements in 3D printing including properties of various 3D-printing resin materials.
3D-printing technology such as digital light processing (DLP) and stereolithography (SLA) drives innovations
in the fabrication of dental products, especially crowns and bridges!. DLP provides considerable advantages in
both manufacturing and clinical settings by allowing entire resin layers to be cured at one time. This allows for
faster production and easy customization, making it ideal for complex biomedical and dental restorations'~>.
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3D-printing resin has broad applications in the production of complex dental restorations, with filler playing
a key role in both cross-linking polymerization and the formation of a network structure. Inorganic fillers such
as silicon dioxide (SiOZ; henceforth silica) nanoparticles, glass fibers, and zirconium-dioxide nanoparticles*>
have demonstrated great potential since they can markedly improve the surface, mechanical, and printing-
trueness properties of resin composites.

Silica fillers are widely used in various dental resins due to their ease of processing, high biocompatibility, and
cost-effectiveness®”. Silica particles have various sizes, each exhibiting unique characteristics that can potentially
affect their printing performance. The synthesis of size-controlled silica was first reported by Stober et al. in
19688, and subsequent research classified these into silica nanoparticles and microparticles. Silica nanoparticles
(40-400 nm) could produce smoother and more-durable resin surfaces’. However, the absorptivity of these
surfaces could lead to agglomeration, uneven microstructures, and suboptimal mechanical properties in clinical
restorations'’. In contrast, silica microparticles could improve the strength of resin composites and provide
diagnosis benefits due to its X-ray radiopacity'!. There are still concerns about the durability and surface
roughness of microparticles, as well as the larger particles and their irregular shapes posing a risk of light
scattering reducing light penetration into deeper layers and thereby hindering resin curing'®. Although there
has been abundant longitudinal research into both silica nanoparticles and microparticles, comparisons between
them are urgently needed to characterize how varying the particle size affects the properties of 3D-printing resin.

The silica concentration is also an important factor affecting the performance of 3D-printing resin, and
is influenced by material property requirements, dispersibility, resin formulation design, and economics.
In commercial 3D-printing resins, the silica concentration varies within the range of 0.25-5 wt% to ensure
acceptable dispersion®!>!3, Most commercial 3D-printing resins are composite formulations containing
silica, with filler concentrations often reaching up to 30 wt%'*!*>. Many manufacturers now offer adjustable
formulations, especially with the silica concentration being tailored to the specific requirements of different
crown restorations'®!”. The complexity of filler systems has resulted in both their size and concentration
being modified simultaneously'”. However, the effects of particle size are not yet fully understood at a single
concentration'?18, Therefore, comparative studies of the effects of silica particle size are essential for optimizing
the performance of dental resins.

This study aimed to determine the multidimensional effects of particle size on resin properties by comparing
the effects of incorporating silica nanoparticles and microparticles. Groups of both types of silica particles at
concentrations of 1 wt% and 2 wt% were established to ensure the same experimental conditions and minimize
confounding factors. Systematically analyzing two particle sizes—in terms of mechanical, surface, and printing-
trueness properties of the resulting 3D-printed resin—allowed filler selection to be optimized and has yielded
provides practical guidance for formula refining in resin-based applications.

The null hypothesis of this study is as follows: the particle size of silica (nanoparticles versus microparticles)
does not significantly affect the surface, mechanical, or printing-trueness properties of 3D-printing resin.

Results

Characterization of silica particles

The silica nanoparticles and microparticles were white crystalline powders of uniform texture and odorless
(Fig. 1A). For clarity and consistency, size values and figure within quantitative particle size analysis are
expressed in nanometers (Fig. 1B). The mean diameter of the nanoparticles was 11.99 nm with a standard
deviation of 3.85 nm. Approximately 94% of the particles fell within the size range of 5-20 nm. The mean
diameter of the microparticles was 5468.30 nm, with a standard deviation of 2893.06 nm. Notably, 95% of the
particles were distributed within the size range corresponding to 0.5-10 um (500-10,000 nm). SEM at the high
magnification of 1000x and 20,000x revealed their mesoporous morphology in both particle types, while only
the microparticles exhibited a crystalline structure (Fig. 1C).

Surface characterization of printed composites

Representative photographs of 3D-printed specimens from the five study groups on a white calibration-standard
board are shown in Fig. 1D. As shown on Fig. 1E, adding silica powder to the resin had a clear whitening effect
on color compared with the control group (P<0.001). The whitening effect was stronger in the small-particle
groups than in the large-particle groups, and was dose dependent (P <0.001), with the color of the 2%S group
being closest to the white calibration board (27.15+0.60). The results of visual heat-map processing in 135 color
tests are shown in Fig. 1F.

The findings for surface roughness are summarized in Table 1; Fig. 1G and Supplementary Figure S1.
Relative to the control group, the addition of small and large silica particles produced opposite effects on the
surface roughness. The incorporation of small silica particles significantly reduced Ra, with the reduction being
greatest in the 2%S$ group (55.60+7.91 nm). In contrast, the addition of large silica particles increased the
surface roughness, which Ra peaking in the 2%L group (114.73 +8.19 nm). In general, the size-based differences
increased with particle concentration.

Figure 2 shows SEM images of disc surfaces obtained at a magnification of 1000x. Samples in the control
group generally displayed a nearly smooth, clear surface with little residue. The surface was rougher for
3D-printed resin discs incorporating larger silica particles than for the control group and the groups with small
silica particles at both concentrations. In the large-particle silica groups, the surface roughness increased with
the concentration, even exhibiting a slight wave-like morphology. Compared with the control group, the small-
particle groups showed no apparent differences in surface roughness in SEM.

The composition of 3D-printed resin disc reinforced with silica was analyzed using EDS. The SEM images
and EDS element mapping images are also shown in Fig. 2. The EDS spectra and corresponding elemental
compositions in atomic and weight percentages are presented in the Supplementary Material. The red rots in
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Fig. 1. (A) Photographs of nanoparticle (upper) and microparticle (lower) powders, (B) frequency distribution
of particle diameters, (C) SEM of nanoparticles (left) and microparticles (right) at magnifications of 1000x
(upper) and 20,000x (lower), (D) color overview (E) color difference, (F) color heat map, and (G) Ra. ***,
P<0.001.

the images in Fig. 2 indicate the presence of silica elements on the surface. The density of these dots increased
with the concentration of added silica. The small and large particles were distributed relatively uniformly in the
resin, and the degree of agglomeration was within the acceptable range. Partial agglomeration was more obvious
and isolated for large particles, and often accompanied by localized defects in resin curing, even forming pit-like
sites.

Degree of conversion
The 95% confidence interval was calculated for the nine samples in each group during the testing. The
mean * standard deviation values of the DC, flexural strength and Vickers hardness in the five study groups are
summarized in Table 1; Fig. 3. To clearly signify the effects of particle sizes, asterisks are only used to indicate
significant differences for particles at the same concentration.

The addition of small silica particles showed a significant enhancement effect relative to the baseline
(control vs. 1%S: P=0.0144; control vs. 2%S: P<0.001), which increased progressively with the weight% (Fig.
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Group AE Ra(nm) DC(%) Flexural strength(MPa) | Vickers hardness (HV)
Control 30.81+£0.39" |78.46+6.96° |57.31+3.02° | 126.96+5.70% 16.60+0.36"

1%S 27.70+0.42% | 62.80+4.86¢ |59.67+2.53% | 129.86 +5.88% 16.17+0.26°

2%S 27.15+0.60° |55.60+7.91° |60.48+1.67* |123.79+7.06* 16.49+0.15>

1%L 28.90+0.34° | 93.30+4.42> | 57.00+3.46" | 130.37+5.85® 16.06+0.35¢

2%L 29.70+0.39%¢ | 114.73+8.19* | 57.36+2.42> | 134.03+4.65" 17.12+0.19*

ANOVA F 311.6 227.6 9.338 3.852 61.98

ANOVA P-value | <0.001 <0.001 <0.001 0.0097 <0.001

Table 1. AE, surface roughness, DC, flexural strength and Vickers hardness of large and small silica particles
in the five study groups. Data are mean + standard deviation values. Different superscript letters within each
column indicate statistically significant differences among groups (P<0.05, one-way ANOVA with tukey’s post
hoc test). Groups sharing the same letter are not significantly different.

Control

1%S

2%S

1%L

2%L

Fig. 2. SEM and EDS images showing the silica distribution and elemental compositions of the disc surfaces at
1000x magnification. The red dots represent silicon (Si), while the green dots indicate carbon (C).
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Fig. 3. (A) Degree of conversion, (B) Flexural strength, (C) Vickers hardness and (D) Relative cell viability. ***,
P<0.001; **, P<0.01; ns, P>0.05.

3A; Table 1; Supplementary Table S1). In contrast, the large silica particles did not demonstrate a dose-dependent
enhancement (control vs. 1%L: P=0.9938; control vs. 2%L: P>0.9999). Consequently, the differences between
the different particle sizes at the same concentration widened as the weight% increased (P <0.001).

Mechanical properties

ANOVA of the flexural strength revealed significant differences between the groups (P=0.0097, Fig. 3B). The
flexural strength was 126.96+5.70 MPa in the control group, representing a stable baseline, while the groups
with small silica particles at 1 wt%, small silica particles at 2 wt%, large silica particles at 1 wt%, and large silica
particles at 2 wt% (groups 1%S, 2%S, 1%L, and 2%L, respectively) showed varying degrees of opposite effects
relative to the baseline. Although both the 1%S and 1%L groups showed slight increases in flexural strength
relative to the control group numerically, no significant differences were observed among the three groups
(control vs. 1%S, P=0.8313; control vs. 1%L, P=0.7327; 1%S vs. 1%L, P=0.9997). However, notable changes
emerged when the concentration was increased: adding 2 wt% small silica particles decreased the mean flexural
strength by 3.162 MPa, to 123.79+7.06 MPa. In contrast, the strengthening effect of 2 wt% large silica particles
persisted, reaching 134.03 +4.65 MPa, with a significant difference observed between the 2%S and 2%L groups
(P=0.0057).

The Vickers hardness values are summarized in Table 1; Fig. 3C. For the baseline group, the effects of adding
fillers showed similar trends but different results. At the lower particle concentration of 1 wt%, the hardness-
reducing effect was prominent in both groups (P <0.001). However, when the concentration was increased to 2
wt%, the large-particle group exhibited a notable increase in Vickers hardness (17.12£0.19 HV), exceeding the
values in both the small-particle group (16.49 £0.15 HV) and the baseline (16.60+0.36 HV).

Relative cell viability

Figure 3D indicated that relative cell viability of human gingival fibroblasts remained unchanged among seven
groups after both 24 and 72 h incubation. All silica-containing extracts—regardless of loading (1 wt % or 2 wt
%) or particle size—displayed viability values comparable to the negative control and control resin (all bars share
the same superscript a, P>0.05).

Evaluations of customized crown margins by digital superimposition and SEM
There were significant differences in the alignment surface among control, small-particle, and large-particle
groups (Table 2, Supplementary Table S1). The RMS value of the calibration cube was 33.52 um, indicating
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(A)

(B)

50x

100x

Calibration cube | 33.52 7.81
Control 71.40 8.97
1%S 95.17 6.65
2%S 108.94 4.14
1%L 89.47 4.74
2%L 105.38 7.27

Table 2. Comparative RMS values and their standard deviations for large and small silica particles.

Control 1%S 2%S 1%L

Control 1%S 2%S 1%L 2%L

Fig. 4. Results of the customized crown evaluations, a dentiform model (D85DP-500B.1, Nissin, Kyoto, Japan)
prepared by a co-author, scanned by a tabletop scanner (Identica T500, Medit, Seoul, Korea) and modified
using CAD software (Meshmixer, version 3.5.474; Autodesk, Rafael, CA, USA; https://meshmixer.com/). (A)
trueness superimposition and (B) SEM images of the layer structure of the crown margins at 50x and 100x
magnifications.

the most-stable surface. One-way ANOVA revealed significant differences in trueness between the groups
(P<0.001). The RMS value of the control group was 71.40 +8.97 um. The groups containing 2 wt% silica showed
increasing RMS values (2%S, 108.94+4.14 pum; 2%L, 105.38+7.27 um), suggesting the presence of outliers
or special condition effects. The RMS values were generally very high, indicating that adding silica at high
concentrations would reduce the printing trueness both overall and especially in the fine margin in Fig. 4A.

Figure 4B shows SEM images of each group at 50x and 100x magnifications. Visual inspections and SEM
observations revealed thinner margin regions of the crown with printing interruptions. Adding particles of
different sizes and concentrations resulted on differing effects on defects on the material surface. As the
concentration increased, the extent of damage became progressively more severe. Figure 4 shows that the surface
structure remained relatively intact in the control group, with clear layered structures. The surface structure
exhibited an increase in the number and size of holes in the 1%S group, which became more pronounced in the
2%S group, with the layered structure being extensively disrupted. By comparison, groups with larger particles
showed major damage to the layered structure, with defects larger than those observed in the 1%S and 2%S
groups. In the 2%L group, the walls surrounding the defect had fractured and disappeared.
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Discussion

Silica is also known for its high biocompatibility®, supporting its use in biomedical and dental application.
Evaluating the effects of particle diameter and weight% on silica-incorporated resins is essential to achieving
superior performance and long-term use in dental restorations. The aim of this study was to systematically
determine how the size of silica particles affects resin properties in order to meet diverse application requirements.
The findings indicated partial rejection of the null hypothesis. Particle size produced significant differences in
most properties — larger silica yielded higher flexural strength and hardness but rougher surfaces, while nano-
sized silica improved degree of conversion and smoother surfaces with a pronounced whitening effect - yet
printing trueness showed no significant size-dependent difference (accuracy was similarly reduced for both
nano and micro fillers at 2% wt). This indicates that although silica size clearly influences mechanical and surface
outcomes, it does not appreciably affect printing accuracy, warranting a partial rather than full rejection of the
null hypothesis.

This study compared the effects of adding small particles (5-20 nm) and large particles (0.5-10 pum) at
concentrations of 1 wt% and 2 wt%. It has been reported that ground quartz micropowder (10-50 pm) and
ground glass micropowder (0.6-10 um) from crystallized silica significantly improved the strength of resins'!.
Lankoff et al.'”?° found that the size of silica particles directly affected the filler loading capacity and test
performance by comparing 12-nm and 40-nm particles. Such small spheres, which differ from those with
micron dimensions, can act as a lubricant to allow the material to flow freely and exert a small effect on viscosity.
Two types of particles were selected with sizes differed by at least 25-fold to cover both nanoscale and microscale
ranges, ensuring that significant results with broad applicability. Silica concentration is another key determinant
of resin performance. Previous studies have shown that silica particles can be incorporated with a uniform
distribution in a resin matrix at concentrations of up to 4 wt%, whereas aggregation tends to occur above 6
wit%!'8. Notably, at concentrations of <4 wt%, such particles are able to remain dispersed and exhibit stable
properties'®. Gangil et al. reported a 15-30% reduction in tensile strength when silica content was increased
from 2 wt% to >3 wt% in hemp-sisal epoxy composites®!. Importantly, our results and earlier studies show that
even at this~2 wt% loading, silica addition already had either a strengthening or deteriorating effect on the
resin system (Table 1)?!. Considering the need for a uniform distribution and that silica is predominantly used
in filler systems with two or more composite formulations, this study set the maximum concentration at 2 wt%.
Although industrial composite systems can achieve silica loadings of ~ 30 wt % or even higher by using engineer
under high shear mixing to suppress aggregation and control rheology'*!, our study at 1-2 wt % establishes
a clear and indispensable baseline for isolating intrinsic size effects and guiding the design of future hybrid or
high silica loading formulations**2. To overcome the narrow range limitation and fully characterize the sensitive
results, future work will explore higher or intermediate levels with broader concentration gradients (0.5, 1.5,
3.0, and even 4.0 wt% for one size) even hybrid silica to identify the optimal balance between flexural strength,
degree of conversion, surface roughness, and trueness.

This study found that when considering silica as a coloring agent, there was a slight difference in the
white colors of the two powders, and that the whitening effect increased progressively in increments of 1.0%
(P<0.001). The silica particles appeared as a loose, dry, pure-white powder, with the larger microparticles
showing a visible decrease in brightness to the naked eye as well as having a slightly gritty texture (Fig. 1A).
These observations are consistent with a previous study finding that adding 10% glass silica to a resin resulted
in a noticeable whitening effect”®. Additionally, NextDent C&B is a commercial resin whose color is similar to
that of teeth, which would surely be changed by the addition of white-powder fillers (Fig. 1F). Alshamrani et al.
provided a representative overview of the findings for their test bars, describing that the bar with 20% white-
powder glass-silica filler appeared brighter in color, although no quantitative color measurements were made*.
Furthermore, Lim et al.?* emphasized that the quantitative lightness was strongly correlated with that of resin
composites containing 10-70 wt% glass filler. The diameters of the two glass fillers in the study of Lim et al. were
similar (0.77 pm and 0.50 um), which may explain why they found no correlation between color lightness and
particle diameter. This contrasts with our study investigating particles with a 25-fold difference in the diameter
ranges (5-20 nm vs. 0.5-10 pm), which may change the color due to its effects on light scattering®, facilitating
the ability to characterize any correlation between color lightness and particle diameter. Clinically, AE*ab value
above approximately 3.3 is considered the 50:50% acceptability threshold for dental restoration®®. The 2%S$ group
(AE=27.15+0.60) exceeded acceptable limits and thus raised concern about a perceptible whitening effect. The
color differences between specimens may also vary with the heat-treatment methods®’, oxygen inhibition, and
the colorants®*. Moreover, higher filler content may cause surface deterioration during the postprocessing and
particles precipitation during storage?”-?8. The pronounced whitening effect may be clinically beneficial in cases
such as anterior temporization or long-span provisional where increased brightness is preferred. Considering
of these factors above, careful adjustment of filler size and concentration along with the use of pigment or
opaquer when necessary is recommended to mitigate excessive whitening and ensure aesthetic harmony in
dental restorations®?.

The surface roughness (which was quantified as the Ra in this study) of resin-based composites significantly
effects their aesthetic and biological properties, contributing to discoloration?®, increased wear”, biofilm
accumulation®, and cytotoxicity®!. Since manually polished composites exhibit greater instability than unpolished
surfaces, the original surfaces were retained for the Ra measurements. The Ra values in the experimental groups
demonstrated a distinct smoothing effect after the addition of nanoparticles and a roughening effect after adding
microparticles, both of which were strongly correlated with the particle concentration (Fig. 1G). Similarly,
Rodriguez et al.'* compared the roughness between two types of silica particles (silica-zirconion-dioxide
nanoclusters and silica nanoclusters), and concluded that the surface was smoother for the smaller particles.
The surface area and pore structure of mesoporous silica allow it to be uniformly dispersed in a resin matrix,
filling in microscopic defects and thus reducing the surface roughness®>**. This beneficial effect was even more
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obvious in our 2%S group, in which the Ra reduced to 55.60 £7.91 nm (Table 1). Ra values exceeding 0.2 um has
been reported to increase biological concerns regarding plaque deposition* . In the present study, the highest
Ra observed for 2 wt% silica microparticles remained below 0.2 um (Fig. 1G; Table 1), thereby minimizing these
risks. Thus, maintaining the microparticles at a concentration at or below 2% is recommended for controlling
roughness and for reducing oral hygiene risks when using resin-based restorations.

Figure 2 demonstrates that no distinct fluorescent spots indicating the agglomeration of silica nanoparticles
were found in the SEM images or EDS mapping. The silicon signals observed in the control group’s EDS mapping
can be attributed to instrumental artifacts, including scattered X-rays from silicon-based components within
the SEM chamber (such as detector windows and sample stages) and inherent background noise from the X-ray
spectrometer system itself, as silicon was confirmed to be absent from both the resin formulation and post-
processing procedures. The control group appeared relatively clean, whereas the surfaces of the groups with
silica nanoparticles had a granular appearance. In contrast, the microparticle groups exhibited pit-like voids
or even a wavy appearance. There is usually fairly good consistency between Ra values and SEM findings, as
found by Aytac et al.’. The Ra value of the discs in our 2%L group was 114.73 £8.19 nm, which is consistent
with the gritty, wavy surface evident in the SEM images. The finishing and postprocessing steps would only
remove residual monomer and unintegrated silica, resulting in other particles either remaining embedded on
the surface or detaching from it. The smaller nanoparticles—with their larger surface area—are more likely to
remain embedded, while the larger microparticles tend to detach more easily from the surface. Similar exposed
filler particles and voids resulting from filler loss were observed by Aytac et al.® and Aljabo et al.*”. SEM images
obtained in other studies®®*’ revealed silica-filler-induced voids at fracture sites deep inside the resin. Although
our study did not observe the degradation of mechanical properties due to internal voids, these observations
suggest that further evaluations of factors such as abrasion and fractures are necessary to evaluate the distribution
of internal fillers.

The presence of nanoparticles demonstrated a distinct enhancement effect as well as a concentration-
dependent improvement in the DC (Fig. 3A). It could be inferred that smaller nanoparticles cause increased
light scattering, which leads to a higher DC*. The ultimate DC in all groups in the present study typically fell
within the range from 50 to 80%, which is consistent with reported values for most commercial dental resins*!,
Therefore, future studies should investigate the effects of higher concentrations of particles with clinically
relevant standard deviations in order to further elucidate the effects on DC.

The mechanical properties of a resin crucially affect the long-term performance of a dental prosthesis.
Adequate flexural strength is essential for ensuring that temporary crowns and bridges can withstand chewing
forces before the final restoration is fabricated. According to ISO 4049:2019, Type 2 polymer-based restorative
materials must exhibit a minimum flexural strength of 50 MPa. All tested groups in the present study comfortably
exceed this requirement, with flexural strength values not falling below 116.73 MPa (Table 1). This study found
that the flexural strength was significantly lower in the 2%S group than in the control group, widening the
gaps with the group with larger silica particles at the same concentration and with the baseline resin (Fig. 3B).
Conversely, Khan et al.*? observed improved flexural strength in nanofillers with a particle diameter of 20 nm.
The larger surface area of nanoparticles will increase their interactions with polymer chains!'®. This allows more
polymer segments to be adsorbed on the particle surface but also has the potential to cause aggregation at higher
concentrations that will create areas of stress concentration that can induce crack initiation.

Previous studies have found that incorporating 3-pm microparticles increases the hardness of dental
composites more effectively than when using 30-nm nanoparticles at 2.5% or 5.0%'°. Moreover, Rodriguez et
al.'* concluded that the mechanical properties are influenced more by the filler concentration than by the particle
size. By comprehensively investigating both of these factors, our study revealed a clear hardening effect with
silica microparticles, which appeared greater when the concentration raised up to 2 wt% (Fig. 3C). This suggests
that voids present in the resin are gradually filled by crystalline silica rather than the monomer, leading to an
increase in hardness as the filler content increases®*. In the present study, mechanical properties were measured
according to the size and concentration of silica particles, which were found to influence the agglomeration
effect, crystalline substance resistance, and light scattering. The results support the importance of considering
particle size to achieving the optimal trade-off between mechanical properties and filler characterization.

The surface geometry of a DLP provisional crown is limited by the layer-by-layer printing pattern*$, which
appears step-like when the crown is placed horizontally (Figs. 4A and 6B). The lower trueness of the marginal
areas across all groups as indicated in Fig. 4A non-green surrounding collar area, may attribute to inherent
distortions from vertical printing pattern®. Since crown margins are very thin, inaccuracies caused by the step-
like morphology and layer discontinuities would be particularly significant, especially in geometry aligned
with the projection axis. Additionally, the regions highlighted in red (Fig. 4A) indicate a localized clustering
of elevated RMS values, which also correspond to concave and convex distortions induced by the layer-by-
layer printing and orientation. However, the localized deviations have disproportionately influenced the overall
values by group-level, contributing unevenly to RMS values. This study analyzed overall intaglio surface for
better comparison. It is recommended to consider region-wise segmentation or direction-specific assessment
in clinically contoured crown models to enable more precise evaluation of printing parameters. Besides, layer
thickness is demonstrated to play a key role influencing trueness. Specifically, groups with a 30-um layer
thickness showed higher trueness than the 50-um groups in several studies*>*”. Given that the design of the
present study included the incorporation of silica particles, a regular layer thickness of 50 pm was selected to
improve comparability between other 3D-printing studies. The obtained trueness values were relatively high
(calibration cube, 33.52+7.81 um; control, 71.40+8.97 um); in contrast, Son et al.®8 reported a trueness of only
29.5+3.3 um when using a 25-pm printing-layer thickness in their crown-investigation study. In clinical cases
or other different scenarios where high precision of the crown margins is required, it is recommended that the
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printing layer thickness be reduced, or different parameters be used than for conventional crown manufacturing
processes.

Previous research suggested that the trueness of the intaglio surface trueness should be between 50 and
100 um for it to be used in fixed dental prostheses*®-!. This study measured RMS values of up to 108.94 um in
2%S. The increase in RMS at 2% loading may compromise the marginal and internal fit of prosthetic restorations,
potentially affecting clinical performance. But considering the comparison purpose, the methodology
compromised via adoption of a 50 pum layer thickness and tailored changes in crown morphology, resulting
in larger RMS values and greater distinction between the groups included. Prior studies showed that reducing
layer thickness to 20-30 pm markedly improves trueness and margin quality?®*’, which would generally narrow
the spread of RMS values between experimental groups. As shown in Fig. 4B, a thinner area was delineated to
target and compare holes and walls at the same location when designing the crown STL file. In the control group,
margins were intact, and the interlayer microstructure was clearly similar to the ideal side surface with a natural
gradient*>*2. However, the same area exhibited scattered holes in the 1%S group, while these holes started to
emerge in the 2%S group to form larger defects with pronounced disruption of the layered structure. In contrast,
groups with larger added particles showed major damage to the printing continuity and thin wall retainability.
Becker et al.>® suggested that the overall layer structure of nanocomposites comprises a blend of intercalated and
exfoliated structures. It is generally believed that the phase boundary is the weakest point of layered materials,
and where destruction in the form of delayering begins®*>>. In our study, interlayer disruption may have
resulted from poor bonding of the silica particles to the resin matrix, which was also concentration dependent.
Smaller particles intercalated into one or two 50-um layers producing minute air voids Fig. 4B. Larger particles
are more prone to embedding and exfoliation within several layers (50 pm) to form rigid zones that created
stress-concentrated spots, triggering cracks and edge discontinuities. Therefore, silica particle size dictated the
defect mechanisms while the 50 im layer thickness emerged as a significant confounder, exaggerating interlayer
damage. Using thinner layer below 50 um would certainly improve RMS trueness and margin quality*®, but
residual differences from particle size or concentration would likely shrink. Thus, it is recommended to carefully
select layer thickness or other parameters like printing orientation, segmental accuracy analysis based on specific
goals or clinical use, to balance trueness, marginal continuity and structural integrity.

This study had some Limitations. Firstly, only one commercial 3D-printing resin product was evaluated, which
might be highly specific to the unique resin chemistry of NextDent C&B. In other formulation systems with Bis-
GMA, UDMA-, TEGDMA or bis-acrylic matrices, silica incorporation can influence viscosity, polymerization
shrinkage and mechanical behavior in ways that differ from those observed in NextDent C&B>*>. Other resin
systems need to be explored in future work. Secondly, more detailed gradients should be investigated, with
appropriate increases in silica concentration, as well as attempts to create more complex formulations by varying
the sizes of the silica particles. It has also been reported that a glass-silica-based system improved the resin
properties*. The long-term evaluations including of color stability, water sorption, residual monomer release and
wear resistance®® are planned in future material studies. To fully characterize biosafety, sub chronic and chronic
assessments beyond 72-hour cytotoxicity tests are planned in follow-up research.

Methods

The overall workflow of the experiments is shown in Fig. 5.

Specimen preparation

Universal CAD software (Rhinoceros version 5, Robert McNeel & Associates, Seattle, WA, USA) was used to
design the testing specimens, and Meshmixer software (version 3.5.474, Autodesk, San Rafael, CA, USA) was
used to design the customized crowns®.

As shown on Fig. 6A, for measuring flexural strength, test bars (n=9 per group) were designed according
to International Standards Organization (ISO) 4049%, with dimensions of 25 mm x 2 mm x 2 mm. The surface
and mechanical properties were evaluated using discs that were 10 mm in diameter and 2 mm thick. A solid
cube of 10 mm x 10 mm x 10 mm was set as a calibration object to measure the inherent deviation of the
printer. A maxillomandibular tooth dentiform model (D85DP-500B.1, Nissin, Kyoto, Japan) was prepared by a
co-author (occlusal reduction of 1.5 mm, axial reduction of 1.2 mm, and convergence angle of 6°) and scanned
using a tabletop scanner (Identica T500, Medit, Seoul, Korea), while leaving a 60-um cement space and 0.5-mm-
wide sealing band along the crown margins (Fig. 6B). Additional modifications were made to the model using
CAD software (Meshmixer, version 3.5.474, Autodesk, Rafael, CA, USA, available at: https://meshmixer.com/).
The design file was exported in standard tessellation language (STL) format, calculated using slicing software
(Composer, Asiga, Sydney, Australia), and printed using a DLP printer (MAX"™, Asiga) at a layer thickness of
50 um and with support structures®. The study design involved printing 205 discs, 45 bars, and 45 customized
interim crowns.

NextDent C&B 3D-printing resin (Lot: WT193N03, Crown & Bridge, NextDent, Soesterberg, Netherlands)
was used to produce specimens and customized crowns. It was stored in the original light-protective package
to maintain material integrity, and all specimens were stored in aluminum foil-wrapped containers to prevent
UV degradation throughout the experiment. The resin was stirred continuously overnight for at least 12 h prior
to printing to ensure homogeneity, followed by manual shaking for a minimum of 5 min before printing. As
modified fillers, small silica nanoparticles (5-20 nm, 99.5% trace metals basis, CAS Number: 7631-86-9) and
large silica microparticles (0.5-10 pm, 99.0% trace metals, CAS Number:14808-60-7) were obtained from Sigma-
Aldrich company (St. Louis, MI, USA) (Table 3). The particle size analysis was performed using a Particle Size
& Zeta Potential Analyzer (ELS-Z1000; Otsuka Electronics, Tokyo, Japan). For ease of comparison, the terms
small diameter, small silica and nanoparticles are used equally to refer to former groups, while large diameter,
large silica and microparticles are presented for the latter groups. Silica particles of these two sizes were added to
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Specimen design

Control group Reinforced with SiO,, particles

1 wt% 2 wt% 1 wt% 2 wt%
silica nanoparticles silica nanoparticles silica microparticles silica microparticles
(0.5-20nm) (0.5-20nm) (0.5-10pm) (0.5-10um)
Y Y A
3D printing

Specimen preparation

Customized crown preparation

Color difference (n=9)

Surface roughness (n=9)

superimposition (n=15)

Trueness

Degree of Conversion (n=9)

Flexural strength (n=9)

Vickers Hardness (n=9)

Relative cell viability

Energy Dispersive X-ray
Spectroscopy

Scanning Electron Microscropy

Scanning Electron Microscropy

Fig. 5. Workflow for the incorporation of silica particles and specimen design, printing, and testing.
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Fig. 6. (A) Platform of the tested specimens. (B) Perspective views of a customized crown.
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Product Name Composition Manufacturer
. . . . NextDent
NextDent C&B resin, 3D systems | NextDent C&B EFhoxylated blsphenol A dlmethacrylate? 7,7,9(or 7,9,9)-trimethy-4,13-dioxo-3,14- Soesterburg,
dioxa-5,12-diazahexadecane-1.16-diyl bismethacrylate, et al.
Netherlands
CAS number - Silicon dioxide, nanoparticles (spherical, mesoporous), 99.5% trace metals, Slgma—
Silica Aldrich Co, St
7631-86-9 5-20 nm .
Louis, USA
CAS number: . Silicon dioxide, microparticles, (crystalline, mesoporous), 99.0% trace metals, Slgma-
Silica Aldrich Co, St
14808-60-7 0.5-10 ym Louis, USA

Table 3. Product information of the materials used in this study.

the base resin at concentration of 1 wt% and 2 wt%. The mixtures were stirred at high speed (450 rpm) for 5 h
to ensure uniform dispersion.

After printing, the specimens and interim crowns in all groups were washed for 3 min in a rotary washer
(Twin tornado, Medifive, Incheon, South Korea) containing isopropyl alcohol. The specimens and crowns were
then dried manually and immediately cured using a UV postcuring box (LC 3D Print Box, 3D Systems, Rock
Hill, SC, USA) for 10 min.

Surface characterization

Nine specimens were prepared in each group for color-difference analyses. For consistency with prior studies?
and simple interpretation based on established threshold values®!, we applied the CIELAB color space (L*, a*,
and b*) to calculate color differences. The color of each specimen was measured using a spectrophotometer
(CR-321, Kinoca Minolta, Osaka, Japan). The spectrophotometer was calibrated before the measurements, and
the CIELAB color space (L', a", and b") was measured with the specimen placed on a white reflectance standard
(L' = 94.56, a" = 0.15, and b" = 1.6). Each specimen was measured three times, and the average of the three
measurements was recorded. The color difference (AE) between baseline and groups was measured using the
following equation:

AB = \J(L; — L) + (a; - a3)” + (5 — b3)?

where Ly, ay,and bj were obtained from white reflectance standard.

The surface roughness was measured in nine discs per group. To evaluate the original surface condition of
the discs after 3D printing and to minimize the direct impact of polishing on the microstructure, the roughness
measurements were performed on the discs following a standard cleaning procedure without polishing. The
average roughness height (Ra value) was measured using a contact-type profilometer (DektakXT, Bruker,
Hamburg, Germany) over a total length of 3.0 mm, cutoff of 0.08 mm, range of 6.5 um, and measuring speed
of 60 pm/s. The measurements were repeated three times for each disc, and statistical analyses were performed
using the average of the measured values.

The microstructures of the disc without polishing and customized crown were characterized by scanning
electron microscopy (SEM) (JSM-IT800SHL, JEOL, Tokyo, Japan) at 15.0 kV. Before scanning, the specimens
were coated with a 100-nm-thick layer of platinum and fixed on a sample holder. Images were acquired at
50x, 100x, 1000x, and 20,000x magnifications. All disc groups were also subjected to energy-dispersive X-ray
spectroscopy (EDS) to determine carbon, silicon, oxygen and nitrogen elements in scanned area.

Degree of conversion
To assess the degree of conversion (DC), a single drop of uncured resin was collected and the spectra of it
was analyzed using a Fourier-transform infrared (FT-IR) spectrometer (Nicolet IS10, Thermo Fisher Scientific,
Madison, WI, USA), after which the 3D printing process started immediately according to the predetermined
parameters. Disc-shaped specimens (n=9) with a diameter of 10 mm and a thickness of 2 mm were prepared,
polished using 2000-grit SiC paper, and incubated for 24 h at 37 °C. The DC of each specimen was measured
three times on the surface opposite to the supporting side. For the uncured scenario, a drop of the stock resin
was used to measure the DC.

After baseline correction of the spectra, the peak value of the absorption bands corresponding to aromatic and
aliphatic carbon C=C bonds were measured at 1608 cm™! and 1637 cm™!, respectively. The DC was calculated
using the following equation:

DC(%) = (1 - M) % 100

Runcu’r‘ed
where R represents the ratio of aliphatic to aromatic C=C bond intensities in cured and uncured specimens.
Mechanical properties

Flexural strength was measured using a three-point bending test with a tabletop universal testing instrument
(EZ-LX, Shimadzu, Kyoto, Japan). Nine bar-shaped specimens that were 25 mm long, 2 mm wide, and 2 mm

Scientific Reports |

(2025) 15:35644 | https://doi.org/10.1038/s41598-025-19615-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

high were incubated at 37 °C for 24 h according to International Organization for Standardization (ISO) 4049
(2019). The flexural strength (o) of the specimens was calculated in megapascals using the following equation:
3FL
o= 3
2wh

where F is the loading force applied at the fracture point in newtons, L is the distance between the supports in
millimeters, and w and h are the width and height of the specimen in millimeters, respectively.

The Vickers hardness was measured for disc-shaped specimens (n=9) with a diameter of 10 mm and
thickness of 2 mm that had been polished using 2000-grit and then 4000-grit SiC paper sequentially and then
transferred to an incubator for 24 h at 37 °C. Their hardness was measured using a Vickers hardness tester
(MMT-X7, Matsuzawa, Kyoto, Japan), with a force of 200 g applied for 15 s on the surface opposite where the
specimen was supported. Three measurements were recorded for each disc, with the mean value then calculated.

Relative cell viability

The cytotoxicity of the specimens toward human gingival fibroblasts (HGFs, PCS-201-018, ATCC) was evaluated
with a WST-8 cell-proliferation assay following established method®?. Frozen HGFs were thawed and cultured
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin,
and 1% non-essential amino acids at 37 °C in 5% CO, until 85-90% confluence. Disk-shaped 3D-printed
specimens (10 mm x 2 mm) were printed. Disk-shaped specimens with a diameter of 10 mm and a height of
2 mm were prepared for the test to prepare a surface-area-to-volume ratio of 1.25 cm* mL™" according to ISO
10993-12. The specimens were incubated for 24 h and 72 h to obtain extracts for short-term and long-term
biocompatibility assessment respectively. HGFs (8 x 10° cells well™*) were seeded in 96-well plates, pre-incubated
for 24 h, and then exposed to 100 uL of each extract for a further 24 h. Five repetitions were set for each extract.
The natural culture group (NC) was set up by incubating the HGFs with 100 pL culture medium alone. After
adding 10 uL WST-8 solution and incubating for 120 min, absorbance was measured at 450 nm. Relative cell
viability (%) was calculated as

ODsa'mple - ODblank
ODcontT'ol - ODblank

Relative cell viability (%) = ( ) x 100

where sample wells contained extracts and cells, control wells contained cells and medium, and blanks contained
medium only. The experiment was performed in triplicate to confirm reproducibility.

Customized crown experiments

A tabletop scanner was used to scan the printed customized crowns in high-precision scanning mode again. This
scanner was calibrated before the scanning process in accordance with the instructions from the manufacturer,
reportedly yielding a scanning accuracy of better than 7 um®3. The data for all groups were obtained within 2 h
after each sample had been printed*s.

The 3D trueness analysis was performed using 3D inspection software (Geomagic Control X version 2024,
3D Systems). The scanning and original files were uploaded in the software with the original design file in STL
format as the reference model. The calibration region was positioned away from the cusps and occlusal surface
in order to eliminate deviations around the print supports. The marginal region, axial region, and the entire
intaglio surface were selected as the standard region, in which the initial alignment and best-fit alignment were
performed in sequence. The root mean square (RMS) value was calculated for all point clouds in the standard
region as follows:

RM S value = % . \/Z (X — Xz,i)2

where 7 is the total number of points, and X, ; and X, ; are the coordinates of corresponding points in the two
data sets. The difference (X, ; - X, ) is squared, summed for all points, and then averaged. The square-root
operation ensures the result is in the same units as the original measurements.

3D comparisons were displayed as color-difference maps over a range from —300 pum to +300 um (20 color
segments) and a tolerance range from —30 um to +30 pum (green). Expansions of the compared region beyond
the standard region’s surface were colored red (positive RMS values), while contractions or recessions below the
surface were colored blue (negative RMS values).

Statistical analysis

The sample size of the study was determined using G*Power software (v.3.1.9.4; Kiel, Germany) for a one-way
ANOVA comparing five independent groups. We assumed a large effect size from pilot study and previous
research®, setting effect size of 0.52, significance level a=0.05 and desired power>0.80, which justified the
sample size choice under feasible constraints. Standard statistical software (SPSS version 26.0, IBM, Armonk,
NY, USA) was used for descriptive statistics and statistical analyses. The presence of normality was checked
using the Shapiro-Wilk test. One-way ANOVA was performed to compare the effects of different combinations
of silica concentration (1 wt%, 2 wt%) and particle size (nanoparticle, microparticle) on color difference,
surface roughness, DC, flexural strength, Vickers hardness and trueness. Each combination was treated as
an independent experimental group. The threshold for significance was set at a=0.05 for all tests. Post hoc
comparisons were conducted using Tukey’s HSD test when significant differences were identified.
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Conclusions

Based on the findings of this comparative study, silica is a promising filler capable of modifying the surface,
mechanical, and printing-trueness properties of 3D-printing resins with satisfying biocompatibility. The effects
of silica varied significantly depending on particle size and concentration. Silica microparticles produced better
flexural strength and Vickers hardness as well as a rougher surface than silica nanoparticles. Silica nanoparticles
produced a superior DC, printing continuity, whitening effect, and smoother surface than silica microparticles.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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