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Abstract

Introduction: To evaluate the optical properties of zirconia fabricated via milling and 3D printing for urgent dental restoration in trauma
and reconstructive care, focusing on the impact of printing orientation—a critical parameter for point-of-care, patient-specific
manufacturing.

Method: In this in vitro study, eighty zirconia specimens were fabricated using four methods relevant to digital workflows: conventional
milling (control) and digital light processing (DLP) 3D printing at 0°, 45°, and 90° build orientations (n = 20 per group). Key aesthetic
parameters—translucency parameter (TP) and surface gloss—were measured using a spectrophotometer and glossmeter, respectively,
both before and after simulated clinical aging (10,000 thermocycles).

Result: Translucency was not significantly affected by fabrication method or aging (p > 0.05). In contrast, surface gloss was significantly
reduced by thermocycling in all groups (p < 0.001) and was dependent on the manufacturing technique (p = 0.019). Milled zirconia
demonstrated the highest gloss. Among 3D-printed specimens, the 0° orientation yielded significantly higher gloss than the 45° or 90°
orientations.

Conclusion : For aesthetic dental restoration in trauma care, 3D-printed zirconia can match the translucency stability of milled standards.
However, its surface gloss is inferior and highly sensitive to printing angle. To integrate efficient, patient-specific 3D printing into
emergency digital workflows, protocols must be optimized—favoring lower print angles (e.g., 0°)—to minimize post-processing and
expedite the delivery of definitive, aesthetically satisfactory restorations.
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Introduction

Rapid, reliable, and aesthetically acceptable dental
restoration is a critical component in the
multidisciplinary management of craniomaxillofacial
(CMF) trauma. Following acute injury, the goals shift
from emergency stabilization to definitive functional
and aesthetic reconstruction, often requiring precise
dental prosthetics®. In this context, zirconia has emerged
as a material of significant interest due to its favorable
biocompatibility, high mechanical strength necessary
for withstanding occlusal loads, and its potential to

achieve tooth-like aesthetics—a key factor in the
psychosocial recovery of trauma patients 2.

The integration of computer-aided design and
computer-aided manufacturing (CAD/CAM) has been
transformative, enhancing precision and reproducibility
while expanding the range of processable materials * *.
Currently, zirconia restorations are primarily fabricated
via subtractive manufacturing (SM), typically the
milling of pre-sintered blocks. However, this
established technique presents inherent drawbacks,
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including significant material waste, tool wear,
geometric limitations, and the potential introduction of
surface flaws that may compromise long-term
performance®’.

Additive manufacturing (AM), or 3D printing, has
emerged as a promising alternative, constructing objects
layer-by-layer from digital models. This paradigm
offers distinct advantages for dental applications, such
as reduced material consumption, greater design
freedom for complex geometries, and the potential for
streamlined fabrication®. Consequently, AM is being
actively explored for the production of zirconia-based
restorations®.

A critical yet underexplored variable in AM is the
printing angle or build orientation. This parameter
directly influences layer geometry, interlayer bonding,
and manufacturing trajectory, thereby affecting the
dimensional, mechanical, and—crucially—the optical
properties of the final restoration®%t, While studies
have begun to examine how printing orientation alters
mechanical performance’?, its specific impact on the
optical behavior of 3D-printed zirconia—which is
fundamental for  aesthetic ~ success—remains
inadequately investigated, especially in direct
comparison to milled counterparts 3 4 -

Given the increasing clinical demand for highly
aesthetic, metal-free restorations and the potential of
AM to address the limitations of SM, a detailed
understanding of the optical characteristics of printed
zirconia is essential. This gap in knowledge limits the
informed adoption of AM for definitive aesthetic
restoration in post-trauma reconstruction. Therefore, the
purpose of this in vitro study was to evaluate key
aesthetic parameters—optical behavior (translucency
and gloss)—of dental zirconia fabricated for trauma-
related  restorations, directly = comparing the
conventional milling technique with 3D printing across
three different printing angles.

Methods

Study Design and Setting

This in vitro study aimed to evaluate the optical
properties of zirconia fabricated using methods relevant
to the rapid production of aesthetic dental prostheses in
post-trauma reconstruction. Zirconia samples were
produced by conventional milling (control) and by
digital light processing (DLP) 3D printing at three

different build orientations (0°, 45° and 90°). To
simulate clinical aging, all samples underwent
thermocycling equivalent to approximately one year of
oral service. The study was conducted at the Department
of Dental Prostheses, Faculty of Dentistry, Bagiyatallah
University of Medical Sciences, during the 2024-2025
academic year. Ethical approval was obtained from the
institutional Ethics Committee
(IR.BMSU.BLC.1403.038).

Sample Preparation

Eighty tetragonal HT zirconia (low ALOs content)
samples were fabricated using four different methods
(20 samples per group) as follows: 15 unglazed square
blocks measuring 15 x 15 x 1 mm for translucency
evaluation, and 5 unglazed rectangular blocks
measuring 7 x 2 cm x 1 mm thick for gloss measurement
using a gloss meter (12). A preliminary STL (Standard
Tessellation Language) file was created using
Meshmixer software (Autodesk Inc., California, USA).
This computer-generated CAD file is a standard file that
can be used for either milling or 3D printing.

Based on the fabrication method, the samples were
divided into four groups (Figure 1):

Group 1 (Control): Milled zirconia (20 samples)
Group 2: Zirconia with 0° print angle (20 samples)
Group 3: Zirconia with 45° print angle (20 samples)
Group 4: Zirconia with 90° print angle (20 samples)

Since milling is the conventional method for producing
zirconia in dentistry, this group served as the control,
and the three printing groups were compared with it.
3D Printing Groups

The samples were prepared using a Zipro printer (AON
Co., LTD, Korea) and A0 INNI-CERA zirconia slurry
(AON, Korea). The zirconia slurry, with particle sizes
ranging from 100 to 900 nm, was processed using vat
photopolymerization via digital light processing (DLP).
The slurry consisted of zirconia and a UV binder, with
a zirconia content exceeding 80%. The UV binder
contained a photoinitiator, monomer, oligomer, and
additives (16). The printing process was performed
under normal atmospheric pressure at a temperature of
25°C and humidity below 70%.

1807 | Trauma Monthly 2026;31(2): 1806-1815



Analysis of Milled vs. 3D-Printed Zirconia

The Inni-Cera slurry contained the following zirconia
mixture (mol%): ZrO- 92.5, Al:05 0.07, SiO: 0.58, MgO
0.14, Na.0O 0.14, K20 0.07, SnO: 0.15, Y20s 4.6, and
HfO. [with a percentage between 80-85 wt% before
printing and nearly 100% after printing] (17). Printing
was performed with a layer thickness of 50 pm
according to the manufacturer's recommendation, using
three different printing angles: 0°, 45°, and 90° (Figure
2). The pixel size of the printer projector was 40 pm, and
the image resolution was 1920 x 1080 pixels.

Sintering Process

According to the manufacturer's recommended
guidelines, after printing, the samples were subjected to
two stages of sintering in an Ivoclar Programat EP 3010
oven (lvoclar Vivadent AG, Schaan, Liechtenstein,
Germany). In the first stage (debinding), the samples
were heated in the oven according to the temperature
steps shown in table 1 for a total of 11 hours and 30
minutes to clean and remove the binders. Subsequently,
in the second stage, the final sintering process was
performed for 5 hours according to table 2 (16).
Control group (Milling):

The samples were milled from white pre-sintered
zirconia blanks (NOVI Dental Product GmbH, IHK,
Dusseldorf, Germany) with a Sirona 5-axis milling
machine (inlab-MC-X5-Wet-Dry-5-Axis-Miling-and-
Grinding-Unit, USA) and a new milling cutter and then
sintered in a Programat EP 3010 furnace (lvoclar
Vivadent AG Schaan, Liechtenstein, Germany) at
1500°C for 90 minutes (according to the manufacturer's
instructions).

Thermocycling:

All samples were subjected to 10,000 thermal cycles in
a thermocycler (Dorsa, Iran) to simulate the aging
process using cyclic temperature changes equivalent to
1 year (18). The parameters for thermal cycling of the
samples were as follows:

*Hot bath temperature: 55°C/131°F

+Cold bath temperature: 5°C/41°F

*Dwell time (hot and cold): 30 seconds

+Drain time: 5 seconds

Translucency Parameter:

After sample preparation, translucency measurements
were performed based on the CIE L*a*b* color scale
relative to the CIE standard illuminant D65, where L*
refers to the degree of brightness (0-100), a* refers to
the color coordinate on the red/green axis, and b* refers
to the color coordinate on the yellow/blue axis. TP was

measured by evaluating the color difference of the
samples on a black background (CIE L* = 7.61, a* =
0.45, b* = 2.42) and a white background (CIE L* =
88.81, a* = -4.98, b* = 6.09).

TP ! calculation formula: TP = [(L*b — L*w)2 + (a*b
—a*w)2 + (b*b — b*w)2]

TP - transparency parameter L* - degree of brightness
a* - color coordinate on the red/green axis b* - color
coordinate on the yellow/blue axis

The subscripts b and w refer to the color coordinates
against a black and white background, respectively.
The CIE Lab color scale was measured using a
spectrophotometer (X-rite, USA). The instrument was
calibrated before the measurements, and the probe tip
was perpendicular to the center of the samples. The
color coordinates inside the Viewing Booth were
measured using D65 Standard Illuminant (19). The
room temperature was between 15 and 40°C as
recommended by the manufacturer. The optical
parameters to be evaluated were measured 3 consecutive
times before and after the thermal cycle and the average
values were recorded.

Gloss:

The gloss of the samples was measured using a micro-
TRI-gloss ASTM D523 Gloss Meter (BYK Gardner-
Germany) located at the Institute of Color Science and
Technology. The glossmeter has an 85° light source, 7
cm X 2 cm optical aperture dimensions, and a 0-100 Gu
capability. Gloss measurements were taken from the
center of each sample and five times for each area before
and after thermal cycling, and the average values were
reported for each sample. All measurements were
performed in a controlled light environment to help limit
incidental light contamination. The device measured the
light reflectance of a surface by shining light at an 85°
angle onto the surface and measuring the reflected light
20

Data analysis method:

Considering the normality of the data distribution based
on the Shapiro-Wilk test and the skewness and kurtosis
indices, one-way analysis of variance (ANOVA) was
used to compare the changes between different groups.
Tukey Post Hoc Test was also used for paired
comparisons. Paired Sample T-Test was used for intra-
group comparisons before and after the time. All
statistical analyses were performed using SPSS version
24 software and the statistical significance level was set
at 5%.
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Table 1. Debinding protocol for print samples

Step Start Temp

C)

1 0

2 150
3 200
4 320
5 320
6 490
7 490
8 1100

End Temp
0
150
200
320

320
490

490
1100
1100

Rising Temp
0

150

50

120

0
170

0
610
0

Table 2: Final sintering protocol for printed samples

1 0
2 1200
3 1500

1200
1500
1500

1200
300
0

Ramp-up Rate

(°C/min)
10
5
0.3
0
2
0
10
0
10
5
0

Time
(Min)
15
10
400 (6h
40m)
30 (hold)
85 (1h
25m)
30 (hold)
61
60 (hold)

120 (2h)
60 (1h)
120 (2h
hold)

Total Time

11h 31m

Single veneer, Coping,

bracket

5h

Sintering post-
debinding &
coloring

Figure 1: Schematic image of study groups.
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Figure 2: Schematic view of the printing angles used in the study

Figure 4: Zirconia samples fabricated for surface Gloss evaluation

Results

The result show that the TP and GLOSS variables in
all study groups before and after thermocycling had
skewness in the range of -2 to +2, and the Shapiro-Wilk
test also showed that they had a normal distribution (p
< 0.05).

Examination of the TP variable

In this study, before thermocycling, the lowest TP
value was related to 90 degrees and the highest value
was related to Milling, while after thermocycling, the
lowest value was related to 45 degrees, and the highest
value was related to Milling.

Although we encountered a decrease in TP value in
the Milling and 45-degree groups, this decrease was not
statistically significant. (P < 0.05). However, in the two
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0- and 90-degree groups, although the TP wvalue
increased slightly after thermocycling, this increase was
also not statistically significant (P < 0.05) (Table 3). In
other words, intra-group comparisons showed that
thermocycling had no effect on the TP variable. Also,
comparing the amount of changes using the analysis of
variance test showed that there was no significant
difference between the study groups (P = 0.145). In
other words, the manufacturing method had no effect
on TP value.

Examination of the GLOSS variable

In this study, both before and after thermocycling, the
value of Gloss in the Milling group had the highest
value and the 90-degree group had the lowest value.

The results of this study showed that there was a
significant difference in all study groups from before to
after thermocycling (P < 0.001) (Table 4). In other
words, the thermocycling performed was effective in all
groups. Also, the analysis of changes before and after
thermocycling by analysis of variance test showed that
there was a significant difference between the study
groups (P = 0.019). Tukey's post hoc test showed that
the 0 degree and milling groups (P = 0.043), 0 degree
and 45 degree (P = 0.024), and 0 degree and 90 degree
(P = 0.046) had a significant difference, but no
significant difference was seen in comparison with the
other groups (P < 0.05) (Table 5).

Table 3: Translucency Parameter (TP) Values Before and After Thermocycling

Pre-Thermocycling Post-Thermocycling Difference (Post - Pre) *p*-value (Paired *t*-test) \

Study Group
M (SD) M (SD)
Milled (Control) 8.08 (0.44) 7.84 (0.48)
0° Printed 7.37 (0.53) 7.59 (0.84)
45° Printed 7.17 (0.53) 7.10 (0.89)
90° Printed 7.45 (0.72) 7.01 (1.06)

M (SD)
-0.27 (1.04) 238
0.22 (1.06) 475
-0.07 (1.12) 363
-0.44 (1.55) 038

Note. M = Mean, SD = Standard Deviation; n = 15 per group for TP measurement.

Table 4: Surface Gloss (GU) Values Before and After Thermocycling

Study Group
M (SD) M (SD)
Milled (Control) 79.42 (0.64) 77.31 (0.68)
0° Printed 73.20 (0.53) 71.45 (0.56)
45° Printed 68.48 (0.48) 66.32 (0.58)
90° Printed 62.21 (0.36) 60.11 (0.28)

Pre-Thermocycling Post-Thermocycling Difference (Post - Pre) *p*-value (Paired *t*-test) \

Note. M = Mean, SD = Standard Deviation; n =5 per group for gloss measurement.

Table 5: Post-Hoc Pairwise Comparisons (Tukey HSD) for Change in Gloss (AGloss)

Comparison
Group 1
Milled (Control)

0° Printed

45° Printed

Discussion

The optical integration of dental restorations is a
critical component in the rehabilitation of
craniomaxillofacial (CMF) trauma, where restoring
aesthetics is fundamental to a patient's psychosocial

M (SD)
-2.11 (0.27) <.001
-1.75 (0.19) <.001
-2.16 (0.11) <.001
-2.10 (0.20) <.001
Mean Difference *p*-value |
Group 2
0° Printed -0.36 .043
45° Printed 0.05 974
90° Printed -0.01 .999
45° Printed 0.41 .024
90° Printed 0.35 .046
90° Printed -0.06 .954

recovery. This in vitro study evaluated key optical
properties—translucency and gloss—of zirconia
fabricated via conventional milling and via 3D
printing at various angles, simulating clinical aging.
The principal finding is that while translucency
remained stable across fabrication methods and
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after aging, surface gloss was significantly
influenced by both the manufacturing technique
and thermocycling. This distinction has direct
implications for selecting fabrication strategies in
time-sensitive trauma care.

Color science provides an objective framework for
evaluating the optical performance of dental
materials, particularly in terms of translucency and
surface appearance. In the present study, the optical
behavior of dental zirconia fabricated by milling
and additive manufacturing at different printing
angles was investigated by assessing translucency
and gloss before and after thermocycling. The
results demonstrated that neither the fabrication
method nor thermocycling significantly affected
the translucency parameter (TP), whereas surface
gloss was strongly influenced by both the
manufacturing approach and the applied aging
protocol.

Translucency is a key optical parameter for
achieving a natural tooth-like appearance and is
influenced by several microstructural
characteristics of zirconia, including grain size,
phase composition, porosity, and sintering
conditions?®?3, In particular, the presence of
optically isotropic cubic phases has been shown to
reduce light scattering caused by birefringence,
thereby enhancing translucency®*%. In the present
study, the absence of significant differences in TP
values among the milled and 3D-printed groups
suggests that the overall microstructural features
governing light transmission were not substantially
altered by the fabrication method or printing
orientation under the applied processing conditions.
The findings of the present study are consistent
with previous reports indicating that artificial aging
procedures, such as thermocycling, may have a
limited effect on the translucency of high-
translucency zirconia materials. de Aradjo-Junior et
al. reported no significant changes in the
translucency of 5Y-PSZ zirconia following aging
protocols, which aligns with the results observed in
this study®®. Similar outcomes have also been

reported for different zirconia generations
subjected to thermocycling or hydrothermal aging
3133 variations among published results can be
attributed to differences in material composition,
yttria content, sintering parameters, specimen
thickness, and measurement conditions, which
limit direct numerical comparisons between
studies.

In contrast to translucency, surface gloss was
significantly affected by both the fabrication
method and thermocycling. The results of the
present study demonstrated a consistent reduction
in gloss values following thermocycling across all
groups, indicating that artificial aging plays a
critical role in altering the surface-related optical
characteristics of zirconia. Additionally, the
fabrication method significantly influenced gloss
values, with milled zirconia specimens exhibiting
the highest gloss and samples printed at a 90°
orientation showing the lowest values both before
and after thermocycling.

The observed decrease in surface gloss after
thermocycling can be explained by changes
occurring at the material surface during repeated
thermal stress and water exposure. Thermocycling
may promote microstructural alterations, such as
increased surface roughness or microcrack
formation, which enhance light scattering and
reduce specular reflection. Since gloss is highly
sensitive to surface topography, even subtle surface
irregularities induced by aging can lead to a
measurable decline in gloss values.

Limited studies have specifically evaluated the
gloss of zirconia wusing standardized gloss
measurement  devices.  However, previous
investigations comparing additively manufactured
and milled zirconia have reported higher surface
roughness in 3D-printed specimens, which
indirectly supports the findings of the present
study3*

. Increased surface roughness is known to reduce
gloss by disrupting regular light reflection, thereby
providing a plausible explanation for the lower
gloss values observed in printed samples compared
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to milled zirconia.

Among the additively manufactured groups,
printing orientation played a decisive role in
determining surface gloss. Specimens printed at a
0° orientation exhibited significantly higher gloss
values compared to those printed at 45° and 90°,
both before and after thermocycling. This finding
can be attributed to the layer-by-layer deposition
pattern inherent to additive manufacturing, where
printing orientation influences layer alignment and
surface continuity. At lower printing angles, the
outer surface appears more uniform, whereas
steeper angles result in pronounced staircase-like
surface features that increase surface irregularities
and reduce gloss.

From a clinical and manufacturing perspective,
these findings highlight the importance of
optimizing printing orientation when fabricating
zirconia restorations using additive manufacturing
techniques. While translucency appears to be
relatively insensitive to printing angles, surface
gloss—which contributes significantly to the
perceived aesthetic quality of restorations—is
strongly affected by build orientation. Therefore,
selecting appropriate printing angles may reduce
the need for extensive post-processing procedures
and improve the overall aesthetic outcome of 3D-
printed zirconia restorations.

Conclusion

In this in vitro investigation, we found that while
fabrication method and artificial aging did not
significantly affect the translucency of dental
zirconia, surface gloss was substantially influenced
by both manufacturing approach and printing
orientation. Milled zirconia demonstrated higher
gloss values compared to specimens produced by
additive manufacturing. Furthermore, among the
printed groups, lower printing angles were
associated with enhanced surface sheen.
Thermocycling consistently reduced gloss across
all conditions, underscoring the importance of
surface characteristics for long-term aesthetic

performance. These findings contribute to a deeper
understanding of how digital fabrication
parameters influence the key optical properties of
zirconia restorations and may guide clinicians and
technicians in optimizing manufacturing strategies
to achieve desirable aesthetic outcomes.
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