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ARTICLE INFO ABSTRACT

Objective: Feasibility investigation of natural teeth shades replication on dental prosthetics fabricated via
functionally graded additive manufacturing (FGAM) using combination of feldspathic porcelain (FP) and yttrium
aluminum garnet cerium (Y3Als0,,.Ce, YAG:Ce) as a promising esthetic restoration option.

Methods: Color-graded feldspathic crown fabrication parameter through FGAM method was comprehensively
examined from the slurry rheology, cure depth, debinding to sintering temperature. Effect of light absorbent also
checked towards overcuring reaction during UV exposure by the shape comparison. Lastly, the flexural bending
strength measured following ISO 6872:2015 to assure the applicability. Applying the studied parameter, natural
teeth shades then imitated and investigated by alteration of FP and FP + 0.1 wt% YAG:Ce (Y-FP). Generated
color across the structure captured through mobile camera, interpreted through the CIELAB coordinate and the
gradation confirmed by the color differences (AEq) calculated using CIEDE2000 formula.

Result: Parameter study indicated that 70 wt% of FP slurry with 3 wt% dispersant and 0.2 wt% light absorbent is
favored. It produces excellent flowability in our FGAM system with less overcuring justified by edge margin
reduction from 95.65° to 90.00° after UV exposure on rectangle shapes masking. The obtain structure also offers
adequate flexural bending strength of 106.26 MPa (FP) and 101.36 MPa (Y-FP) after sintering at 780 °C. This
validated the materials as class 2 dental prosthetics citing ISO 6872:2015. Color gradation was verified by the
yellow b* value reduction (14.8 to —3.33) as it shifted from cervical to incisal area while AEy, further affirmed
the differences from each segment in comparison with the FP and Y-FP.

Significance: Color gradation was successfully replicated by FP and YAG:Ce composition shift via FGAM tech-
nique. This result highlights the potential of FGAM as an alternative for fabricating dental prosthetics with high
efficiency and improved esthetic appeal.
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1. Introduction some laborious steps, shortens the production time, and delivers

consistent quality [15-18]. Unfortunately, damages are unavoidable

The visual presentation of teeth is crucial due to the social impact
[1,2]. This is particularly critical at the front of the mouth, where the
incisors, canines, and premolar are frequently exposed [3-6]. Hence,
ceramic crowns for dental restoration should incorporate shade gra-
dation to match the natural teeth nearby.

Dental prosthetics today are often fabricated using computer-
aided design/computer-aided manufacturing (CAD/CAM). Complex
prosthetics could be produced by milling a block of material (sub-
tractive manufacturing) [14]. The CAD/CAM technique eliminates

when carving from a monolithic structure [17-19]. To improve the
esthetics, a human expert can remove parts of the surface from the
shaped block and apply personalized color in a staining-glazing ap-
proach (multi-layering treatment) [7-10]. Currently, there is also a
trend of shifting from a single material to multilayer or multilayer
pre-colored blocks [11-14] in order to eliminate the arduous staining
process.

Additive manufacturing (AM) is another promising way to fabricate
ceramic dental prosthetics [15-18]. Among the available AM techniques,
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digital light processing (DLP) employs photosensitive resin as a ceramic
carrier and cures it by UV light to form the prosthetic structure. Previous
studies have addressed the usability, structural accuracy, and post-treat-
ment crack formation mainly for single materials such as zirconia [19,20],
alumina [21], and lithium disilicate glass [22]. Meanwhile, there are very
few in-depth reports on manipulating the color of dental prosthetics
fabricated using AM. In one study, multi-layering treatment was applied
before the fabricated structure was sintered [23]. Another study explored
the doping of Fe,O3 colorant in dental AM [24].

Here, we adopt functionally graded additive manufacturing (FGAM)
to create customizable color gradation in ceramic dental prosthetics.
The FGAM process not only refines the flexibility of AM to produce
complex shapes but also allows gradation within the structure [25-27].
Here, “gradation” can mean material arrangement, distribution, di-
mension, or even composition to produce inhomogeneous properties in
the same structure. When applied to the compositional gradation of
coloring agents, FGAM has the potential to create custom color grada-
tion in prosthetics, replacing the multilayer block fabrication and CAD/
CAM technique mentioned earlier. However, several issues must be
addressed when the AM system uses multiple components. Especially,
when several components are combined, the mixture can behave dif-
ferently during formation of the curing layer and/or exhibit different
shrinkages post-treatment [26,30].

Feldspathic porcelain (K,Na; _,AlSi3Og, FP) is a traditional glass-based
dental ceramic system [18,28]. FP provides great esthetics and translu-
cency [29,30] due to its amorphous glassy phase [31], although its me-
chanical properties are inferior [28,32] compared to other ceramics such
as zirconia [24,33]. The color of FP has been adjusted by adding transition
metal ions such as Ce** [34,35], Tb®* [36], Dy>* [36], and Fe3*
[13,24,35]. On the other hand, yttrium aluminum garnet Cerium (YAG:Ce;
Y3Al50:5:Ce) is a material with lattice properties desirable for laser host
[37]. But, it was also found that the processing temperature of YAG could
be as low as 900 °C [38], which produces a yellowish luster [39].
Therefore, combining YAG:Ce and a white dental ceramic could reproduce
both the translucency and tinted color of natural teeth. However, such in-
depth studies have not been reported before. Generally, FP is the favored
dental ceramic for anterior positions because it visually blends better with
the neighboring teeth [31-33]. Plus, this area is not engaged in grinding
motion [34] that would require zirconia with higher strength [35]. An-
other reason for choosing FP is that glass-based ceramics display better
processability in DLP-based AM, while zirconia suffers from low cure
depth [40] and overcuring [41].

The current study starts with our previously developed film-based
DLP system [42,43] and modifies it for the FGAM process by introdu-
cing multiple cartridges to easily accommodate various materials. First,
we establish the ideal composition in the feed slurry for fabricating
dental crowns, based on the measured FP particle size, slurry viscosity,
and feed transport flowability. We also strictly control the photocur-
ability by using various additives to maximize the structural precision.
Next, we examine the processing temperature, starting point of di-
mension reduction during heat treatment, final shrinkage, as well as
flexural bending strength of the fabricated samples. We hypothesize
that crowns with customizable color gradation could be fabricated by
adjusting the ratio between YAG:Ce-added FP (Y-FP) and FP in different
structural regions (cervical, middle, and incisal). As a translucent
ceramic, FP should have a positive effect on the curing behavior and
helps achieve smooth color transition.

2. Materials and methods
2.1. Materials

Powders of FP and Y-FP (HASS, Republic of Korea) were used as the
base ceramic materials. The resin consisted of trimethylolpropane

triacrylate (TMPTA) and poly(propylene glycol) diacrylate (PPGDA)
(Sigma-Aldrich, USA). The photoinitiator (PI) was a combination of bis
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(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (Irgacure 819) and
2,2-dimethoxy-1,2-diphenylethan-1-one  (Irgacure = 651)  (BASF,
Germany). Furthermore, we tested two additives DISPERBYK-180
(BYK180; Altana AG, Germany) and Remazol Brilliant Orange 3 R
(RO16; Sigma-Aldrich, USA) to improve the homogeneity and control
the curing behavior, respectively.

2.2. Preparation of ceramic slurry

TMPTA and PPGDA were mixed at a weight ratio of 1:1 and added
with PI (0.01 wt% Irgacure 819 and 4 wt% Irgacure 651 of total resin).
The mixture was homogeneously combined in a planetary centrifugal
mixer (ARE-310, THINKY, USA) at 2000 rpm for 5 min. BYK-180,
RO16, and FP or Y-FP powder were then added before mixing for an-
other 5 min

2.3. Optimization of slurry composition

Before optimizing the slurry, we characterized the FP particle size
with a laser particle size analyzer (LS I3 320, Beckman Coulter, USA)
and the particle shape with a scanning electron microscope (SNE-
4500M Plus, SEC, Korea). BYK180 (1-5 wt% to the powder) was used to
enhance homogeneous distribution of FP particles in the resin, while
the loading capacity of ceramic in the resin ranged from 40 to 70 wt%.
The homogeneity and loading capacity were validated by measuring
the rheological behavior using a TS rheometer (Discovery HR-1, TA
Instruments, USA) in the flow sweep mode and shear rate of 1-100 st

2.4. Optimization of curing behavior

Curing behavior of the photocurable resin was measured with a UV-
Vis spectrometer (Mega-900, SCINCO, Korea) in the wavelength range
of 200-800 nm. The effect of RO16 (0.1-0.3 wt% of the resin) was
measured as well. Using the optimized composition ratio (70 wt% solid
loading, 3 wt% BYK180), we measured the cure depth under a rec-
tangular shape mask and UV light irradiation (DLP UV specification,
405 nm, 8.5 mW/cm?). After UV exposure for 1-10 s, the uncured
slurry was cleaned off, the thickness of the cured part was measured,
and a 60 x magnified image was taken using a video microscope
system (SV-55, SOMETECH, Korea) to measure the edge angle.

2.5. Green body debinding, sintering, and product characterization

The UV-cured sample was washed with resin monomers to remove
residual slurry and blown gently with an air gun. The obtained green
body underwent debinding by heating at 1 °C/min to 650 °C, followed
by soaking for 3 h at 300, 350, 400, and 650 °C to remove the resin. The
subsequent sintering process involved heating at 1 °C/min to 300 °C,
then at 5 °C/min to 780 °C, and finally holding for 3 h at 780 °C to
densify the powder. Both heating steps were designed according to the
material’s thermal behavior (Fig. S3) characterized by thermo-
gravimetry/differential scanning calorimetry (TG/DSC; SDT Q600, TA
Instrument, USA). Finally, product shrinkage was measured by size
reduction along the three axes, using the middle point as reference
(origin point). Following ISO 6872:2015, the density was measured by
the Archimedes method (XPE205, Mettler Toledo, Switzerland), and the
flexural bending strength was assessed using a universal testing ma-
chine (UTM; RB-305 MICROLOAD, R&B, Korea).

2.6. Fabrication of color-graded crowns

Crown structures were fabricated using an in-house developed DLP
system (Fig. S1). The crown 3D model had a maximum height of
11.6 mm, which was sliced into 580 2D layers with a thickness of
20 pm. We employed five compositions of the ceramic materials ran-
ging from 100% Y-FP to 100% FP with 25% increments (Table 1).
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Table 1
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Five FP/Y-FP compositions and their adoption in the 580 layers in the crown model to create TYPE1-TYPE3 gradations.

Composition name Composition mixture

Layers in the sliced 3D crown model

FP/Y-FP (%) TYPE1 TYPE2 TYPE3
FPY-100/0 100/0 511-580 466-580 401-580 Bottom — top
FPY-75/25 75/25 421-510 351-465 261-400
FPY-50/50 50/50 321-420 236-350 161-260
FPY-25/75 25/75 181-320 121-235 71-160
FPY-0/100 0/100 1-180 1-120 1-70

TYREM

FPY-100/0

Incisal (I)
Incisal ()

FPY-50/50

Cervical (C)
Cervical (C)

Yellow oriented

TYREZ

FPY-100/0

Balanced

TYPE3

FPY-100/0

Incisal (I)

FPY-75/25

Cervical (C)

White oriented

Fig. 1. - Three teeth models built from gradient segmentation.

The three color gradations are visually illustrated in Fig. 1. By using
different ratios of Y-FP across the layers, we hope to achieve flexible
color control throughout the model. Take TYPE1 as an example, the
first (bottom) segment consists of 180 layers in a yellower shade (FPY-
0/100), followed by three segments with decreasing yellow coloration
(140 layers of FPY-25/75, 100 layers of FPY-50/50, and then 90 layers
of FPY-75/25), and topped by a slightly whiter shade in the top segment
(70 layers of FPY-100/0). In contrast, TYPE2 and TYPE3 had different
layer arrangements to produce a more balanced and whiter color gra-
dation, respectively.

2.7. Color analysis

After sintering, esthetics of the color-graded crowns was directly
evaluated without any post-polishing nor glazing process. A mobile
phone (SAMSUNG SM-S908N, Korea) was used to photograph the
crown, and colors in the image were directly converted to the CIELAB
coordinates (L*, a*, and b*). L* describes perceptual lightness (0 =

black, 100 = white), while a* (green-red) and b* (blue-yellow) can take
either positive or negative values. The color difference (AEyo) was then
calculated according to CIEDE2000 [44].

3. Results
3.1. Particle size and slurry viscosity

Fig. 2 shows the characteristics of FP and Y-FP particles and rheo-
logical behaviors of the feed slurries. The FP and Y-FP particles are
similar in their angular shapes and size distributions (Dso = 4.24 pm),
as shown in Fig. 2a. Adding 1-3 wt% BYK180 significantly reduced the
viscosity, whereas a higher amount (4 and 5 wt%) increased the visc-
osity to the level at 2 wt% addition (Fig. 2b). Next, the maximum solid
loading in slurries containing 3 wt% BYK180 was determined to be
70 wt%, since a 75 wt% loading caused a spike in the viscosity (Fig. 2c).
Therefore, our subsequent experiments used the optimal slurry com-
position of 3 wt% BYK180 and 70 wt% solid loading.

b. C.
12
FP —1wt% [——420wt%
Y-FP —2wt% A e 50W1%
EPN-FP 10 o 3W1% e 6OW1%
D,, 0430020 um| = —4wi% - 20¢ —70“":6
D, 484365 um| & B [——5wt% o it
Dep 939047 ym|  Z = s)
2 6t =
o o
g : o
S 4 s r
1t 2r 5F
3wt% dispersant
0 1 1 1 1 0 1 1 0
0.01 0.1 1 10 100 1 10 100 1 10 100

Particle diameter (um)

Shear rate (1/s)

Shear rate (1/s)

Fig. 2. - Characteristics of the feed slurry. (a) Shapes and size distribution of FP and Y-FP particles. (b) Viscosity of FP slurry with various amounts of BYK180. (c)

Viscosity of FP slurry with increasing solid loading.
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Curing penetration of FP
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Curing penetration of Y-FP
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Fig. 3. - Curing behavior of FP slurry. (a) Comparison of UV absorbance between PI and RO16. (b) Curing penetration of FP slurry. (c) Curing penetration of Y-FP

slurry.

3.2. UV sensitivity and curing penetration of slurry

We further examined UV sensitivity of the PI and RO16 dye in the FP
slurry and the resultant curing penetration. In Fig. 3a, PI mainly absorbs
UV light (black curve) in the range of 300-400 nm with peak absorbance
on 320 and 380 nm. RO16 is used as an additive to improve the curing
accuracy, and its optical absorbance is approximately constant at wa-
velengths longer than 300 nm and increases with its concentration in the
slurry (red, blue, and green curves for 0.1, 0.2, and 0.3 wt%, respec-
tively). Specifically, at the UV wavelength used in the fabrication
equipment (405 nm), 0.2 wt% RO16 has the same absorbance as the PIL

Figs. 3b and 3c present the cure depths of FP and Y-FP slurries,
respectively. After 2s UV exposure, the basic FP slurry (with PI but no
RO16) was cured to a depth of 439 um, which increased greatly to
1600 um when the exposure reached 5 s. The slurry containing 0.1 wt%

a.

I T/ o T 7
| HE= V

With RO16

90.00°

added RO16 showed a shorter penetration depth (329 um at 3s,
1319 um at 10s). This trend of decreasing penetration continues for the
slurries containing 0.2 and 0.3 wt% RO16, which had similar perfor-
mance (minimum penetration depth: 115 and 244 pm, maximum: 923
and 787 um at 10, respectively). In the Y-FP slurry, adding RO16 also
reduced the curing penetration (minimum penetration depth: 185 and
257 pm, maximum: 1002 and 730 pm at 10, respectively). The only
noticeable difference between the basic FP and basic Y-FP slurries is
that the latter showed a moderate increase in penetration depth with
prolonged exposure.

3.3. Structural accuracy assessment

Fig. 4 confirms that adding RO16 resulted in sharper shapes in the
cured layer. When cured under a rectangular UV mask, sample layers

With RO16

Fig. 4. - Curing accuracy of FP slurry. (a) Comparison of cured layers of FP slurry with various RO16 concentrations after prolonged UV exposure. (b) Comparison of
angle formation between cured slurry layers without and with RO16. (c) Blurred details of samples fabricated with plain FP slurry. (d) Improved details of samples

fabricated with RO16-added FP slurry.

571



LA. Sutejo, J. Kim, S. Zhang et al.

Table 2
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Measured density, linear shrinkage, and flexural bending strength of FP and Y-FP samples.

Type Density (%) Shrinkage at 780 °C (%) Flexural bending strength (MPa)
Debound Sintered X-Y axes Z axis

FP 71% 97% 21.66 = 0.61 21.65 = 0.31 106.29 + 10.32

Y-FP 21.31 + 0.45 21.59 * 0.18 101.36 + 7.32

with 0.1-0.3 wt% RO16 retained the rectangular shape with sharp an-
gles, while those without RO16 displayed curved edges and rounded
corners (Fig. 4a). According to Fig. 4b, at 4 s curing time, adding 0.2 wt
% RO16 reduced the edge angle from 95.65° to 90°. The same im-
provement in edge thickness and shape was observed when the slurries
were used to form full-scale teeth shapes (Fig. 4c vs. 4d).

3.4. Density, shrinkage, and flexural bending strength

All structures fabricated using slurries with 70 wt% solid loading
showed comparable densities after debinding (71%), and their densities
reached around 97% after particle solidification by sintering. Moreover,
the measured shrinkage is similar between FP and Y-FP. The linear
shrinkage was 21.6% both perpendicular and parallel to the fabrication
direction. The flexural bending strength of sintered FP and Y-FP are also
almost identical (106 and 101 MPa, respectively). The measured data
are listed in Table 2.

3.5. CIELAB space and color difference

Fig. 5 shows photographs of the color-graded crowns. Crowns in the
as-printed state (Fig. 5a) and just after debinding (Fig. 5b) have similar
visual appearance because all of them are strongly tinted by RO16.
However, color gradation becomes apparent after sintering (Fig. 5c).

Next, we quantitatively measured the color at nine sites on the
model, three in each of the cervical, middle, and incisal regions
(Fig. 6a). The obtained CIELAB coordinates are compared in Figs. 6b-
6d. In Fig. 6b, all the L* values fall in a narrow range: 83.2-88.2 in the
incisal region and 74.2-82 in the cervical region. As expected, crowns
made using only FP and Y-FP showed constant hues. The FP crown is
neutral between red and green (a* = 0.58) and bluish between yellow
and blue (b* = —3.15), whereas the Y-FP crown is reddish (a* = 2.3)
and strongly yellow (b* = 14.8). Next, we compared the a* and b*
values in different segments for TYPE1-TYPE3 crowns with different
compositions. For each type of crown, the a* and b* values decrease
when moving from the cervical to the incisal region: 2.34-1.49 and

As printed a.
TN RET INEE2RIYEES
Layer thickness 20pm

Curing time  4s

Total layer 580

—

B 1715 O =1 1]~ S
Debound

o=

B

Y-FP

11.4-6.13for TYPE1l, 1.44-0.941 and 8.93-2.86for TYPE2, and
0.464-0.079 and 7.16-1.21 for TYPE3, respectively.

Table 3 further compares the AEq, value between each segment and
the single-color FP and Y-FP. The largest color difference was observed
between the whitest (FP) and yellowest (Y-FP) samples (AEy, =
12.51-15.41). This value is generally smaller for the graded samples,
whose colors should be intermediate between those of FP and Y-FP.
TYPE1 is most similar in color to Y-FP, with AEy, = 2.11 (cervical),
2.36 (middle), and 7.27 (incisal). TYPE2 shows a more pronounced
increase in AEqq with respect to Y-FP when moving from the cervical to
the incisal region (AEqy = 2.84, 4.81, and 10.53, respectively). Finally,
TYPE3 shows a greater color difference from Y-FP (4.43, 7.06, and
11.87, respectively).

4. Discussion

Properties of the ceramic slurry are a crucial factor during the first
stage of fabrication process using the DLP system. The slurry must
possess the appropriate viscosity and flowability for successful transfer
from the feed container to the building platform, while it should also
maintain stability during the standstill state to allow selective curing.
These factors are essential to ensure a steady fabrication process.
Moreover, particles with a narrow size distribution are preferred be-
cause they create a homogeneous and consistently stable ceramic slurry
[45]. Dispersants can further improve the viscosity [46] and the ca-
pacity to incorporate solids. Our results indicated that 1 or 2wt%
BYK180 is insufficient to coat the FP particles, while 3 wt% of it could
optimally encapsulated the particles as evidenced by the lowest slurry
viscosity. On the other hand, excess BYK180 increases the hydro-
phobicity and causes flocculation due to van der Waals forces [43].

Unexpectedly, dispersion of the ceramic slurry is sustained due to a
phenomenon in the film-based DLP system. Film movement during
operation drags the slurry on top of it in the same direction. At the end,
the slurry is forced to pass through a thin gap, while the excess slurry
collides with the blade wall and is folded back in. This additional
mixing reduces sedimentation that occurs during the stationary stage of

s L *'“

Al
VITA shades

TYPE1 TYPE2 TYPE3 EE

Sintered at 780°C

Fig. 5. - Crowns with color gradation fabricated with Y-FP/FP using FGAM. (a) Green body, (b) debound structure, (c) sintered structure with color gradation

utilizing the anterior teeth model.
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Table 3

Comparison of color parameters of crowns fabricated using FP, TYPE1 grada-

tion, TYPE2 gradation, TYPE 3 gradation, and Y-FP.

AEqo WFP uY-FP
FP I 15.22
M 14.07
C 13.81
TYPE1 I 12.51 7.27
M 15.92 2.36
C 15.41 2.11
TYPE2 I 6.22 10.53
M 9.65 4.81
C 11.83 2.84
TYPE3 I 5.03 11.87
M 7.74 7.06
C 10.77 4.43
Y-FP I 12.51
M 15.92
C 15.41

* uFP/Y-FP: mean of the measured L*, a*, and b* values for FP and Y-FP
*Regions: incisal (I), middle (M), and cervical (C)

layer curing and during movement of the building platform.

After ascertaining the narrow particle size distribution and opti-
mizing the amount of added BYK, we measured the viscosity at different
solid loadings. The maximum solid loading could enhance the structural
density and mechanical properties while maintaining slurry flowability
(Fig. S2). We found that a 70 wt% solid loading was ideal, while a 75 wt
% loading resulted in a highly viscous slurry (5Pa's and higher as the
shear rate increased) that was difficult to transfer. Other researchers
observed similarly viscous slurries at 3-5Pas [47]. Conversely, an ex-
tremely low viscosity is also detrimental to the process. When the solid
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loading is very low, there are fewer particles to reduce the surface
tension of the resin, and the resultant puddling phenomenon disrupts
the thin slurry layer produced from the doctor blade.

Under UV irradiation, both FP and Y-FP slurries showed an extended
curing depth due to the scattering of UV light after hitting the amor-
phous SiO, matrix [48]. The FP slurry was cured after only 2s UV ex-
posure, but the cured part was still weak and could be easily torn by
motions during fabrication. Therefore, a minimum of 3s UV exposure
was needed to ensure successful curing of both FP and Y-FP slurries.
Also, the FP slurry showed a deeper curing penetration compared to the
Y-FP slurry (1013 vs. 550 um), causing disparity in the fabrication
parameters. This phenomenon is closely related to the small amount of
YAG:Ce that hinders UV transmission. YAG:Ce usually has a high
transmittance, but this value could be quite low in the amorphous phase
prepared at temperatures below 800 °C [38]. Considering this char-
acteristic, using thicker layers during printing (50 instead of 20 pm)
could accelerate the processing at the price of reduced structural ac-
curacy (Fig. 4c). Regardless, this curing behavior is undesirable because
a significant amount of transmitted UV light is reflected from the fab-
rication target area to the surroundings to trigger excess curing reac-
tion. Therefore, we introduced RO16 to inhibit the excess reaction that
could obscure the structural details. This inhibition effect was acci-
dentally discovered during the colored resin printing test. RO16 is an
azo dye commonly used in the textile industry [49,50]. Some re-
searchers employed it as a representative substrate for testing photo-
catalytic degradation [51,52], but we are unaware of any attempt to
exploit it in the context of AM. The absorption range of RO16
(A > 300nm) overlaps with the PI absorption peak, and therefore
RO16 can counter exorbitant UV absorption. Experimentally, we found
that adding 0.2 wt% RO16 does not interfere with the ability of PI to
initiate the curing reaction while decreasing unnecessary reactions
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caused by the deflected UV light. As a result, the curing reaction strictly
follows the shape of UV exposure and maintains shape accuracy during
fabrication. Meanwhile, 0.3 wt% RO16 slightly improves the inhibition
reaction at the cost of a longer minimum curing time.

After confirming successful structural fabrication, we identified the
optimal processing temperatures, initial shrinkage points, and final
linear shrinkage for both FP and Y-FP. This information is vital for
processing multi-compositional structures. The debinding process was
performed under nitrogen instead of open air environment to ensure a
steady heat flow. This allows the degradation of organic compounds to
proceed under more stable conditions, preventing possible cracking on
the green body due to a surging reaction. A heating sequence was then
proposed based on the TG/DSC data (Fig. S3a). The first holding point
(300°C) was determined by the starting of weight loss, in order to
homogenize the temperature throughout the green body before de-
gradation reaction occurs. The second and third holding points (350
and 400 °C) represent the anticipated temperatures of binder burnout
reaction. Lastly, additional soaking was performed at 650 °C to ensure
complete reaction. The heating rate in the process was the same as that
used in thermal analysis (1 °C/min), whereas heating in the final step
(400-650 °C) occurred at a faster rate of 5 °C/min because the majority
of reactions had already occurred. The furnace heating sequence is
depicted in Fig. S3b. After this procedure, the sample density (71%) was
very similar to the solid loading in the starting slurry. Eventually, the
debound green body was subjected to another sintering process at
780 °C (glass transition temperature, Tg), where the heat flow fluctuates
to consolidate the structure into a solid body (Fig. S3c). This Tg value is
considerably lower than those of conventional feldspathic glass mate-
rials [53] due to the addition of Na,O [54]. We chose this to be the
sintering temperature, because even a slightly higher temperature re-
sulted in notable structural distortion while a lower temperature pro-
duced a rougher surface. Unfortunately, complete removal of organic
compounds is unattainable in practice. Hence, the samples were held
for another 3 h at 300 °C during sintering to further remove the organic
residue, before holding it again at Tg for 3h (Fig. S3d).

The initial shrinkage was further checked using dilatometry (Fig.
S3e). Fortunately, the addition of YAG:Ce in Y-FP did not affect the
initial shrinkage behavior, as both FP and Y-FP began to shrink at ap-
proximately 630 °C. The final shrinkage was ignored in this analysis,
because that step was performed only up to 700 °C instead of 780 °C to
avoid major sample distortions that might impair the equipment. As a
result of the identical initial and final linear shrinkages between FP and
Y-FP, we could easily apply compositional gradation without adjusting
the thermal treatment.

The flexural bending strength of sintered structures is comparable to
that of typical block leucite-reinforced porcelain used commercially
[55,56], even though the sintering temperature is relatively lower than
general feldspathic glass. This highlights the practicality of AM-fabri-
cated FP as a Class 2 dental ceramic suitable for single-unit anterior or
posterior adhesively cemented crowns (ADA 69/1SO 6872:2015 [57]).
Note that the strength might be further improved by controlling the
particle size to less than 1 um [54,56,58].

Finally, crowns mimicking the color gradation of natural teeth were
fabricated using slurries with 70 wt% solid loading, 3 wt% BYK180,
0.2 wt% RO16, and FP/Y-FP in various compositions shown in Table 1.
Prior to sintering, the bright orange color of RO16 obscured the color
difference between different compositions within the same sample. In
the sintered crowns, the cervical and middle regions of TYPE1 are in-
distinguishable in color from Y-FP (based on an oral ambiance color
tolerance of AE < 3.7 [59]), with slightly lighter colors in the incisal
region. TYPE2 shows a larger AEqy, from Y-FP in the cervical region and
becomes gradually brighter in the middle and incisal regions, although
the color in its incisal region still does not match that of FP. A similar
trend was observed for TYPE3. The color of its middle and incisal re-
gions are similar to FP, with moderate AEy, values of 7.74 and 5.03,
respectively. Indeed, it is expected that AEq, toward FP will decrease
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from cervical to incisal region and vice versa towards Y-FP, but these
results show disparate gradation to the model intention. Furthermore,
there is no noticeable lining between segments with different compo-
sitions (Figs. 5¢ and 6a) as compared to pressed multilayer zirconia
with Fe;O3; color gradient [13] and multilayer pre-colored zirconia
(anterior multilayer, ATM) fabricated by Aidite Technology [60]. Self-
diffusion likely occurred during sintering at Tg [61], during which the
YAG:Ce particles moved to an area with low concentrations of them.
Moreover, the glassy surface of porcelain made it difficult to observe
the line of composition change. Consequently, this aspect needs to be
considered during the color modeling process.

Here, we used a mobile phone camera for color measurement due to
the contour and color transition of the crown structure. Common
spectrophotometers and colorimeters require a minimum measurement
area of 3-5mm in size [66], whereas much smaller areas or points
should be measured when investigating color gradation. Digital pho-
tography can easily capture color change on an uneven surface and
output the color values of single pixels. Future studies should compare
results obtained using spectrophotometers, digital cameras, and mobile
phone cameras. For example, one source reported AE < 6.8 [62] while
others considered AE = 3.4 acceptable [63]. Although mobile phone
cameras using the default setting are less accurate than digital cameras
[63,64], another study obtained identical color measurements with a
visual method in a simulated clinic scenario [65]. To minimize incon-
sistent results, in this study we further fixed the camera exposure,
shutter, white balance, and lighting parameters [66], and the photo-
graphs were taken in a closed booth with a dark background.

5. Conclusion

This study aimed at fabricating dental crowns with color gradation
using the FGAM process. The optimal ceramic slurry was found to
contain 70 wt% solids (FP or Y-FP) plus 3 wt% BYK180 to ensure good
flowability during the fabrication process. Because both FP and Y-FP
showed higher curability than expected, 0.2 wt% RO16 was added to
offset the overcuring. Overall, the fabricated crown structures satisfy
requirements for Class 2 dental prosthetics (ADA69/ISO 6872:2015),
with the flexural bending strengths of 106.23MPa for FP and
101.36 MPa for Y-FP. Smooth color gradation was successfully pro-
duced on the crown, demonstrating feasibility of the FGAM process.
However, further analysis in color modeling is required because of the
self-diffusion of YAG:Ce colorant.
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