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Introduction

It is possible to produce prostheses faster and more
easily with the introduction of digital dentistry based on
computer-aided design (CAD)/computed-aided manu-
facturing (CAM) systems than by conventional methods;
this has facilitated the mass production of various types
of prosthesis (1-3). The continuous development of in-
traoral scanners has resulted in a transition from im-
pression and gypsum-based indirect impression techni-
ques to chairside digital impression techniques based on
dental CAD/CAM systems. The quick and easy generation
of digital impressions is a key technology for providing
convenience to both patients and dentists. The CAD/CAM
system consists of an intraoral scanner, which acquires
the image of an object, CAD software for designing the
prosthesis using the scanned image, and a milling machine
for manufacturing the prosthesis, The performance of the
dental CAD/CAM system is evaluated by the accuracy
of the image acquired by the oral scanner and the in-
ternal/marginal fit between the abutment and prosthesis
(4, 5). High accuracy and fit can reduce clinical impression
errors and increase success ratesfor customized prostheses
©, 7).

Clear aligners are plastic forms of dental braces used
for the adjustment of teeth with high esthetic appeal.
This treatment was revolutionized by the development
of CAD/CAM technology (8), which enables a patient's
impression image to be acquired using a digital scanner
and a full arch machined by a 3-dimensional (3D) printer
(9, 10). Some 3D printers, such as the stereo-lithography
apparatus (SLA), digital light processing (DLP), Polyjet
(POL), and fused deposition modeling (FDM) printers,
are commonly used for the preparation of full arches,

Although many 3D printers have been introduced to
the field of dentistry, digital dental prostheses have mainly
been used to address the model fit of dental prosthesis

made using CAM-based milling machines (11, 12), The
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feasibility of 3D printing impressions or model digitization
in dental practice has already been verified in many studies
(13-16). However, 3D printed products are susceptible
to deformation during long-term storage because of their
weak interlayer bonding and the nature of polymer-based
3D printing materials, and prior research on the long-term
stability of 3D printed productsis insufficient (17, 18).

Therefore, in this study, we evaluated the long-term
accuracy of full arches fabricated using four 3D printers,
including the SLA, DLP, POL, and FDM printers, Long-term
accuracy was estimated by calculating the absolute true-
ness and precision values of distances between the 4
cusp tips of scanned images of the full arch before and

after an accelerated aging treatment,

Materials and Methods

1. Full arch machining and 3D printers

The test object for a full arch was a model of a lower
jaw with a dentition of 14 teeth (ANA-4V CER, Frasaco
GmbH, Tettnang, Germany; Figure 1(A)). The original
image of the full arch was obtained using a laboratory
scanner (R1000, 3shape A/S, Copenhagen, Denmark) and
used to produce full-arch replicas using 3D printers and
measure reference values.

Four 3D printers were used to produce full-arch replicas:
SLA (Digital Wax029D, DWS Systems, Thiene VI, Italy;),
DLP (3Dent, Envisiontec Co., Michigan, USA), POL
(EDEN260V, Stratasys Co., Rehovot, Israel), and FDM
(Vis-mini, Vision Tech Korea Co., Daejeon, Korea) printer,
The printing materials which are recommended by each
manufacturer were used in this study (Invicta 917 for
SLA, MED 690 for Polyjet, Orthotough for DLP, and PLA
for FDM). Five full-arch replicas per experimental group
were produced and scanned using the laboratory scanner.

Figure 2 shows the full-arch replicas produced by the



(A) (B)

Figure 1. (A) Real image and (B) STL format images of the full arch model;

A(13-23 cusp tip), B(13 cusp tip-16 mesiobuccal cusp tip),
C(23 cusp tip-26 mesiobuccal cusp tip), D(13 cusp tip-26 mesiobuccal cusp tip),
E(23 cusp tip-16 mesiobuccal cusp tip), F(16 mesiobuccal cusp tip-26 mesiobuccal cusp tip).

(A) (B)

(D)

Figure 2, Real images of 3D printed full arches prepared by (A) SLA, (B) DLP, (C) POL and (D) FDM type 3D printers,

four 3D printers. at 20T according to the accelerated aging formula as
shown in equation (1) and (2);

2, Accelerated aging treatment Tos-Tor
Accelerated aging factor (AAF) = Q™ 10 | (1)

An accelerated aging treatment was performed in
accordance with ISO 11607-1 (19), 11607-2 (20), and ASTM
F1980-16 (21). Briefly, aging treatments were carried out

Qi0* An aging factor for 10C increase or decrease in
temperature

Taa: Accelerated i { t [
at 60C over 12 days, which is equivalent to 6 months aat Accelerated aging temperature (C)
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Trr: Ambient temperature (C)

Desired real time

Accelerated aging time (AAT) = (2)

AAF

3. Model scanning and data acquisition

To remove inter-operator interference, data acquisition
was conducted using repeated measurements performed
by a single trained operator, Scanned raw data were
converted to stereolithography (STL) files, and the
converted files were imported to 3D analysis software
(Ortho Analyzer, 3shape A/S, Copenhagen, Denmark),
The dimensions of interest for full arches were the
distances between the 4 cusp tips. Six straight lines were
obtained from the 4 cusp tips in the imported STL file
as shown Figure 1B. Distance A (between the 13 cusp
tip and 23 cusp tip), distance B (between the 13 cusp
tip and 16 mesiobuccal cusp tip), distance C (between
the 23 cusp tip and 26 mesiobuccal cusp tip), distance
D (between the 13 cusp tip and 26 mesiobuccal cusp
tip), distance E (between the 23 cusp tip and 16
mesiobuccal cusp tip), and distance F (between the 16
mesiobuccal cusp tip and 26 mesiobuccal cusp tip) were

measured using 3D analysis software,

4, Calculation of trueness and precision

Trueness and precision were calculated to determine
the error of measured distance values between datasets.
Trueness here refers to deviations in the overall absolute
mean between the image of original full arch (standard
reference) and the images of 3D printed replicas (Equation
3), whereas precision refers to mean deviations between
3D printed replicas produced by the same printer

(Equation 4) (22),

3)

Trueness= | (dspdup) |

dsp- Standard reference value for the distance of the

model
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dup: Measured value for the distance of the model

(4)

Precision= | (dysdyp) |

dip Average of the measured value for the distance
of the model

dupt Measured value for the distance of the model

Boxplots of trueness and precision for each

experimental group were plotted using measurements of

trueness and precision from scanned images of the 5

replicas in each group and presented as mean £ relative

error (Equations 5 and 6) (23).

4 da=1 (dw_dm))/ dspl (5)

A4dyp: Relative error of trueness
dsp Standard reference value for the distance of the
model

dup Measured value for the distance of the model

A S(d/VID)= | S(d/WD)/dSDl (6)

A4S(dyp): Relative error of precision

S(dwp): Standard deviation of the measured value for
the distance of the model

dspt Standard reference value for the distance of the

model

5. Statistical analysis

To analyze absolute discrepancy at each distance, all

data from absolute mean trueness and precision
calculations were analyzed using a one-way analysis of
variation and the Games-Howell post-hoc test (a = 0,05)
using SPSS statistical analysis softwarev 22.0 (IBM Co.,
Armonk, NY, USA), A paired t-test was used to compare
the absolute trueness values before and after accelerated

aging treatment,



Results

lute mean precision values between all experimental

groups (p>0.05). However, some absolute mean trueness

1_ Accuracy of 3D printed full arches before values for FDM (distance D) and DLP groups(distances

accelerated aging treatment

E and F) were significantly higher than those for the other

experimental groups at each distance (p<0.05).

Figures 3 and 4 show boxplots of the absolute mean

trueness and precision values for distances A, B, C, D,

2. Accuracy of 3D printed full arches after

E, and F before accelerated aging treatment. The POL

accelerated aging treatment

group showed the highest accuracy among all ex-

perimental groups (trueness value of distance D: 72.00 Figures 5 and 6 show boxplots of absolute mean
+ 49.70 wum, precision value of distance B: 56,00 * trueness and precision values for distances A, B, C, D,
3362 um) There were no Signjﬁcant differences in abso- E, and F for full arches after accelerated aging treatment,

10

00

e

400

kL]

1]

e

Absolute Mean D eviation {m)
&

i1

00 |

400

kol

0]

Absolute Mean D eviation {m)

L1

o0 |

E L

Distance A - Trueness - Before

a
a
Q a
S5LA oLP POL FO
Experimental Group

Distance D - Trueness - Before

ab
| ab
| I%l ]
5LA DLP

POLY FOm
Experimental Group

Absolute Mean D eviation {pm)

Absolute Mean D eviation {m)

1m0

o

;o

400 L

kol

N

0e

Distance B - Trueness - Before Distance C - Trueness - Before

1000

S00 |
—
E |
—
= Tl
2
a &
a
B
a c
- a 1 F we| a i; a
= . a
L 4 P
]
=
L 4 o ol
W
_ ? | 2. Y ]
L 4 ()
SLA DLP POLY FDM SLA oLP POLY FDM
Experimental Group Experimental Group

Distance E - Trueness - Before Distance F - Trueness - Before

T
b
00
—
E 00
= b
2
= e a
a B E ] 4
] § wo| @ a |
a a =
r = 1 - 4
5
L i oS o} B
= 2
- E =f e E
- 4 [N 4
SLA oLP POLY FOmA SLA oLP POLY FOa
Experimental Group Experimental Group

Figure 3. Boxplots of absolute mean trueness (comparison of test model datasets to the reference model datasets) value of distance
A, B, C, D, E, and F of reference model before accelerated aging treatment.
* Different alphabetical letters mean that there is a significant statistical difference between data.

65



1000 Distance A - Precision - Before

Distance B - Precision - Before

Distance C - Precision - B efore

1000
00 i £ 300
p— — —
E o g E o E =
— — —
= T 4 = T = T
2 =2 =2
' - & o " e
E £ ) - E S0 a E £ 1)
= = = a
g 400 - g 400 a g 4 a 4
f w0 E f e | f EL a a 1
E a a a s a s
00 i 0 | 200 J
2 == a 2 a 2
=z Iil 1 =y % 2 E
[] v E [ ] ]
SLA DLP POL FOM SLA DLP POLY  FDM SLA DLP POLY FO!M
Experimental Group Experimental Group Experimental Group
1000 Distance D - Precision - Before 1000 Distance E - Precision - Before 1000 Distance F - Precision - Before
00 i 00 00 |
— — —
E 1 E =0 E =
= e 4 c 7o o T
2 2 2
E o E E o E oy
8 ] ]
o e E o o W
c c c El
T wal| i T w0} a T o0
= a = 00 2 = 00
a0 a 4 2 r a 2 a
= a a E : E a
= = ml S mol
;| I S IR = : :
a 8 a
Lol il Iile . < 0| = wef é
ok i o oE
SLA DLP POLY  FDM SLA DLP POLY  FDM SLA DLP POLY  FDM

Experimental Group

Figure 4, Boxplots of absolute mean precision (comparison of test model datasets within a

Experimental Group

Experimental Group

single 3D printer) value of distance A,

B, C, D, E, and F of reference model before accelerated aging treatment,

* Different alphabetical letters mean that there is a significant statistical difference

The SLA group showed the highest accuracy (trueness
value of distance B: 80,00 = 38.73 um, precision value
of distance B: 48,00 & 38,99 um) among all experimental
groups. For the FDM group, several absolute mean
trueness (distances A, B, C, D, E, and F) and precision
values (distances E and F) were significantly higher than
those for the other experimental groups at each distance
(p<0.05).
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between data,

3. Comparison of accuracy of 3D printed full
arches before and after accelerated aging
treatment

The absolute mean trueness and precision values for
arches before and after treatment are summarized in Table
1. Absolute mean trueness values for distance D for the
POL group and all distances for the FDM group (distances
A, B, C, D, E, and F) were significantly higher than that
for the other experimental groups (p<0.05).
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Figure 5, Boxplots of absolute mean trueness (comparison of test model datasets to the reference model datasets) value of distance
A, B, C, D, E, and F of reference model after accelerated aging treatment.

* Different alphabetical letters mean that there is a significant statistical difference between data.

4. Relative errors of 3D printed full arches

Table 2 summarizes the relative errors for all distances
measured for 3D printed full arches. The maximum relative
errors before and after treatment were 0,011 (DLP distance
E trueness value) and 0.067 (FDM distance A precision
value), respectively. Notably, all trueness relative errors
for FDM-fabricated arches were comparatively high (all
»0.04) after treatment, compared to other 3D printers,
Trends in differences in trueness and precision relative

errors between the different 3D printers were similar to
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those in trueness and precision deviations in absolute

mean between the groups.

Discussion

In this study, the accelerated aging treatment were
performed to simulate the long-term storage condition
within a short period. Four types of 3D printers such
as SLA, DLP, POL, and FDM methods, which are commonly
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single 3D printer) value of distance A,

B, C, D, E, and F of reference model after accelerated aging treatment,

* Different alphabetical letters mean that there is a significant statistical difference

used for producing the full arches in the field of dentistry
now, were selected to evaluate the effect of the long-term
storage on the accuracy of 3D printed full arches. 3D
printing systems have promoted the generalization and
popularization of the invisible aligner as an alternative
to traditional dental braces. Many studies have analyzed
the accuracy of full arch digitization and 3D printing in
dentistry (24-26). However, sufficient research relating
to the long-term stability of 3D printedfull arches fabricated
using different 3D printers has not been conducted. In

the present study, we estimated the volumetric stability
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between data,

of 3D printed full arches after the long-term storage by
analyzing the accuracy the full arches produced by the
four types of 3D printers before and after accelerated
aging treatment,

Many factors such as the type of 3D printing mechanism,
3D printing materials, the design of scanned full arches,
and laboratory conditions (Temperature and humidity
during the fabrication of 3D printed full arches) can affect
the long-term stability of 3D printed full arches, Among
them, different 3D printing material was expected to affect

the accuracy of 3D printed full arches due to its physical



Table 1, Mean trueness/precision values and standard deviation (unit: pm)

Trueness SLA DLP POL FDM
Before 160.0 (153.95) 208,00 (83.19) 130,00 (73.48) 258,00 (117.77)
g After 284,00 (241.62) 23200 (181.85) 172,00 (195.24) 2540.00 (600.46)*
Before 204,00 (142 21) 308.00 (224 21) 228,00 (103.78) 430,00 (30553
° After 80.00 (38.73) 162,00 (112.34) 110,00 (73.14) 934,00 (231.37)
Before 182,00 (106.16) 154,00 (147.41) 152,00 (135.17) 15400 (158.84)
© After 240,00 (156.,04) 156,00 (136.86) 146,00 (76.68) 870.00 (320.70)
Before 176,00 (120.54) 176,00 (167.72) 72.00 (49.70) 400.00 (154.60)
0 After 294,00 (155.66) 270,00 (210.,71) 162,00 (187 54) 282400 (565.62)*
Before 194,00 (55.95) 540,00 (266.74) 222,00 (179.78) 206.00 (56.83)
- After 158,00 (177.96) 618.00 (138.82) 348,00 (168.88) 272200 (813,99)*
Before 162,00 (145.67) 564.00 (100.15) 234,00 (10262 266.00 (173.87)
] After 178,00 (117.56) 746,00 (273.82) 406.00 (86.20) 2698.00 (634.17)*

*An asterisk means that there is a significant statistical difference between the results before and after acceleration aging test,

Precision SLA DLP POL FDM
Before 138,00 (67.23) 66.00 (38.47) 90.00 (58.31) 84.00 (83.85)
g After 216.00 (117.39) 148,00 (101.34) 172,00 (110.54) 450,00 (329.47)
Before 178,00 (139.71) 136.00 (43.93) 56.00 (33.62) 192,00 (169.03)
i After 48,00 (38.99) 146,00 (82.34) 76.00 (55.95) 160,00 (152.15)
Before 184,00 (100.65) 148,00 (53.57) 108,00 (97.31) 168.00 (74.63)
© After 196,00 (191.91) 160,00 (129.81) 140,00 (84.85) 252,00 (159.59)
Before 88.00 (69.79) 176.00 (70.92) 72,00 (49.70) 116,00 (84.14)
0 After 208,00 (151.89) 176,00 (75.37) 162,00 (128.72) 416,00 (324.39)
Before 182,00 (63.01) 212,00 (122.35) 164,00 (55.50) 198,00 (71.20)
- After 166,00 (68.04) 84.00 (90.72) 146,00 (43.36) 604.00 (457 64)
Before 110,00 (78.10) 72.00 (59.75) 84,00 (41,59 206.00 (155.66)
] After 176,00 (120.75) 224,00 (110.82) 64.00 (48.27) 450,00 (388.39)
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Table 2. Relative errors of the trueness and precision of test models

Before

Accelerated Aging SLA bLP POL FOM
Trueness 0.004 0.006 0.003 0.007
A Precision 0.004 0.002 0.003 0.003
Trueness 0.01 0.005 0.003 0.01
g Precision 0.011 0.007 0.003 0.012
Trueness 0.008 0.007 0.007 0.007
© Precision 0.01 0.008 0.007 0.009
Trueness 0.003 0.003 0.001 0.008
0 Precision 0.002 0.004 0.002 0.003
Trueness 0.004 0.011 0.005 0.004
- Precision 0.004 0.005 0.004 0.005
Trueness 0.003 0.011 0.004 0.003
" Precision 0.003 0.002 0.002 0.005
AcceI:r:fe:d Aging SLA DLP POL FOM
Trueness 0.008 0.006 0.005 0.067
A Precision 0.007 0.005 0.006 0.016
Trueness 0.004 0.007 0.005 0.042
0 Precision 0.003 0.008 0.005 0.01
Trueness 0.011 0.007 0.007 0.04
© Precision 0.013 0.01 0.008 0.015
Trueness 0.006 0.005 0.003 0.055
P Precision 0.005 0.004 0.004 0.011
Trueness 0.003 0.013 0.007 0.056
: Precision 0.004 0.003 0.003 0.017
Trueness 0.003 0.014 0.008 0.05
" Precision 0.004 0.005 0.002 0.012
nature, However, it was impossible to find the same 3D arches.
printing material used in four different 3D printers, Before treatment, it was found that the POL group
Therefore, we could not consider the effect of 3D printing (trueness value of distance D: 72,00 £ 49.70 um, precision

materials on the long-term stability of 3D printed full value of distance B: 56.00 £ 33.62 um) showed the highest
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accuracy among all experimental groups, PolyjetTM type
printer using solid support materials during light curing,
has the best linear accuracy compared to DLP or SLA
type printers, which use liquid materials (27, 28).
Conversely, the DLP printer resulted in the lowest linear
accuracy among the 4 printers, which was attributed to
the working mechanism of the DLP system. Generally,
3D printers that use photo-curable liquid resin materials
are thought to produce high surface quality; however,
DLP printers require a wider range of light irradiation
than SLA printers (29), and the brightness of light seems
to be lowered or distorted for output sizes as large as
our full arch model.

After accelerated aging treatment, the volumetric
stability of FDM products was remarkably reduced
compared to that of the other types of 3D printers,
Furthermore, it was confirmed that the linear accuracy
of FDM arches had a range of 934.00-2824.00 um after
treatment, The reduced accuracy for the FDM printer-
seems to result from the storage environments during
long-term storage, which affects the stacked thermoplastic
filament resin. In addition, the output performance of
printers is largely influenced by the minimum layer
thickness. The minimum layer thicknesses for the 3D
printers used in this study were reported to be 10, 25,
16, and 50 um for the SLA, DLP, POL, and FDM printers,
respectively; therefore, the FDM printer was predicted
to be the least accurate (30).

On the condition of the accelerated aging time which
simulates the long-term storage, the full arches produced
by all 3D printers, except for the FDM printer, were
considered clinically acceptable in terms of long-term
accuracy (31). However, we recommended that 3D
printed full arches are prepared immediately before every
invisible aligning treatment, because irregular deformation
of 3D printed prostheses caused by long-term storage

could affect their corrective force (32).

71

Conclusion

We evaluated the long-term accuracy of full arches
produced by four 3D printers (SLA, DLP, POL, and FDM)
before and after accelerated aging treatment. The POL
and SLA groups showed the highest accuracy and precision
before and after treatment, respectively. In addition, all
absolute mean trueness values for the FDM group showed
a significant change after treatment, All trueness relative
errors for the FDM group were also greater than 0.04
after treatment, which was high compared to the other
groups, Therefore, within the limitation of this study, the
full arches produced by SLA, DLP, and POL type 3D
printers were considered clinically acceptable after
long-term storage, Also, immediate preparation and
clinical application of 3D printed prostheses should be

recommended unless otherwise specified.
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Effect of accelerated aging on long—term accuracy of full arches
manufactured using various 3—dimensional printers
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Full arch models play an important role in clear aligner orthodontic therapy and the preparation of prosthodontic appliances.
Three dimensional (3D) printed full arches are very popular with the benefit of easy production and good mechanical properties
for fabricating clear aligner, However, the accuracy of 3D printed full arches after long storage have not been proved vyet.
The objective of this study was to estimate the long-term accuracy of 3D full arches produced by the four types of 3D printers
(stereo-lithography apparatus (SLA), digital light projector (DLP), PolyjetTM (POL), and fused deposition modeling (FDM)) following
an accelerated aging treatment, The highest accuracy was produced by POL (before treatment) and SLA (after treatment)
group, respectively, Comparisons between absolute mean trueness for the 3D printed full arches before and after treatment
indicated that the deviation of the trueness values of FDM group were significantly higher than those of other experimental
groups (p(0.05). In addition, all trueness relative errors for FDM group were greater than 0.04 after treatment, which was
high compared to those of other experimental groups. Therefore, the long-term storage of full arches fabricated by FDM

type 3D printer is not recommended and the 3D printed full arches should be used immediately whenever possible.

Key Words : Full arch model, Long-term accuracy, Accelerated aging, Three dimensional (3D) printer
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