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AT 2 U
2.1. A7

2 A= A We] Wl Custom-cut 7 (CNC #o]# Z¥), Custom-print
2 O%s TR Aget 7AA 54 E7h
st A5 2 A WS 7SR w7 WA met Alzbekeic.

A A= AT AYGelM FE AREEHE 55 34 T HEelgor At
ElebrS e A4 3497 Wadez Q8 AEEv, 53] Grade 5(Ti-6A1-4V)
2 Grade 23(Ti-6A1-4V ELI)7F ¥ 3 AEZ &85 Q). o] T Grade 23> Grade
59 AR 9 ZIAA AEE JHAEA R, A& (elongation)©] T ¢-F8kil 2
73S (fatigue strength) FH AW 7|7 A oA ARSEE fAFAS SEAHC=E
Atttz F7HE W vk @A AEelA ARRE= Elebe 2482 2S5 fAEA
g}ololi= Grade 23S 7|HFo.® Sta 9low, o9 P2 EAS

¥
al
Jb
S
[d
e
A
il
)
_iE/i
o

6Al-4V ELD)S A5 AAsta & Al =skqltt.
AEE HrtolM e nd AE7 TR S 18] 7+ AN 2EE AAsl o
A 7IE AAFel AEA, BRAEE, 719A, Aok Ate]l Fzte]l = ABEe

ASJSFAIL Custom-cut A 25 =W GFFozwt Az Jhed HE& s

%!
A8 ﬁ:EE?ﬂ‘ﬂ(OnyxCeph”M, Image Instruments GmbH, Germany)E &3dto] o} 5
AETAE 7]Fo® Jhtfd Aot AL A7k 92 AAste] tAplE X3y
T2 % o AF A e® FAAE Al#E th(Figure 1).



Duplicated dental model

l

Design of fixed retainer

Custom-cut group

Custom-print group

3D scan for accuracy

l

Measurement

1) geometric accuracy

2) wire form shape
Figure 1. Flow chart of geometric accuracy study design

ZIAA 54 FtelA e 7€ w8 gelo] 5AE B8k 1SO 15841: Dentistry —
Wires for use in orthodontics = Al 3£ 117 7]l wel 248 slolo] Hol& 2z I&
- AlF A o2 A s S th(Figure 2).
Design of straight wire
Custom-cut group Custom-print group
Measurement
1) Load—deflection

2) Fatigue failure
Figure 2. Flow chart of Mechanical Property study design



2715 A8k AR AEAd S FAsA H(Figure 3).

Fabrication of Wire using metal 3D

l

Titanium (Ti-6Al-4V ELI) Stainless Steel (SUS316L)

l

SEM was used to examine internal pores

l

A confocal microscope was used to assess surface roughness

Figure 3. Flow chart for evaluating surface characteristics of each material

=3

of et o @Al Aol ALEE T 9 Custom-cute]l TBE A
A A Ao of 2 TbeAdEs aHsk

Custom-print ZHFWS oz Zt Asd AlEE st vlA JyF 729
3}

el



glolo] T]AQl W= Aol = A1 ATAZ 7|Fow v Aol A1 AT 7R
Helz AR 1A 25 FA3A "aRele] 7t AZE o] (OnyxCeph®™,
Image Instruments GmbH, Germany) & &-&-38fo] Aol Aqhx] Aol 7F IQIE A A
et wAEA Afele] ERIER 39 Ve EQIES AAsta, Y ERIES
2 o} HEo] BHA golojrt AEow AA I

Aok A5 9 X7t Aol & AdatA wel PP EHEF EolEsHA AAste] 59
AEEE =AU (Figure 4). sfoloje] w142 dAA IdelA A8 F<20 Custom-
cut 7IRF 1A A= FAFA 9 7F AEes Faretoe]l 0.40x0.40 mme] ARz
do g XFISIA T (Table 1). HEFH o2 tyxpQl® 9loloj= A H7F 9 A2

5795 93t STL(stereolithography) I 2] 02 FZE3}A ).

Figure 4. Design of fixed lingual retainers in software for accuracy evaluation:

A, Digital design utilizing retainer-specific CAD software; B, The finalized retainer design




Table 1. The type of retainer fabrication for evaluating retainer accuracy

Experimental Manufacturing Material Thickness(inch)
groups method
. . Titanium Gr 23 0.40x0.40 mm
Custom-print Metal 3D Printed (Ti-6Al-4V ELI) 0.016x0.016 inch
Cust " Laser Cuttin Titanium Gr 23 0.40x0.40 mm
ustom-cu aserLutling (Ti-6A1-4V ELI) 0.016x0.016 inch




4234 A% fARH A%

Custom-print 422 A2 T4 3D ZHHE 83t AT A X (additive
manufacturing) WA 0 E FIH oM AFAQl E¥ FAL v o WA =

A DA E g AXE Q] Materialise Magics (Materialise NV, Belgium) &

2}
A 282 A4S 5% 3D X~ EQ BLT 160 (Bright Laser Technologies Co., Ltd.,
China) & Ag3tlon, £ AFE Grade 23 ElEHE ¢ (Ti-6A1-4V ELD O

AAsrdth &8 W 235 83 W] (Powder Bed Fusion, PBF) 0.2 F1 8 &) © 1,

2
ol 1EY #HolAE olgste] LS FTTol §8 W SuAA FAE s
&7 o] tH(Alhudaithy & Almangour, 2023). =% 3D Z#H 4 5474, =9 F
wA4% 4 $Y(thermal stress)©] FAE o] T &2 (residual stress)©] AT F

Jorz F¥ Foz HFHOoF S HAH P (Post-Processing Heat Treatment) & 53|
U7 =S AlA Ao (Figure 5).

Custom-cut 4= 2] A2+ gk HEHg
TS Fd FAAUT. AA Tty wE AR GHIE go]A R TRUMPF Laser
System (TRUMPF GmbH Co. KG, Germany) & AF&391 o, 5% #A= AHYE 9=
Az Al Fgohis AFCE Grade23 ElEHE 9 (Ti-6A1-4V ELD ©f 0.4mm 7=

Tujsle] FUE 77191 040 x 040 mm AHE 24 Flo] AU oA HAES F

it

AE 7IHEO. 2 3 CNC #ol# HH

i

N

cRd 24% P 2Pk A% NES AP F 2A Bl v



xow HAg}soh
T OOFCE ARE Ase 92 AEo] Thss FEoE Aty fstel HF
Z53 MlH (cleaning) 52 *A7 #F& S 2 FH
E R Antrde sl Avt(electropolishing) & &3t Grade 23

- =
B e A FAE este] 2wl wiAlst AHVE Fol
= i

oAl A

al
= BT S 15V, WA 5o w AAsto] st

Figure 5. Fabrication process of the fixed lingual retainer in the Custom-print group.

A, Appliance design using dedicated CAD software; B, Final support structure designed for
printing; C, Metal 3D printing of the appliance; D, Post-processing heat treatment for stress
relief; E, Detachment of the appliance from the build plate; F, Appliance prior to support
removal; G, Removal of support structures using a disc bur; H, Electropolishing of the

appliance surface; I, Finalized fixed lingual retainer.



g AT AF

CADICAM #4479 3% FHE 9% 71E A% AFAE wde] g2
RG] 2L AT F 2ZESC] FolA FHs AZHAE. B ATl

4
2 A wo] obd BAMe RRow RAe

2)
H M S W49 3D AU E F3to] 21333 THATOS Q, ZEISS, Germany) .
]] =R 3

270 HelHE A "AdlY FHE Sdl I 24 #age Fdsglon

Custom-cut 15 ¥} Custom-print 135 2.2 AZE F 10718 A5z HAIdE H7E
AAET. A8 B AAE FAA gAY gds Vlsow AA Ad
A7 32 A7 HlolHE T3 (superimposition)d}o], 2+ A ] HA}gk

3

& AR S golo] H9 F I
[©)

Figure 6. Reference model with designated measurement points for accuracy assessment

(a) Interproximal area between the maxillary central incisors; (b) Between the right maxillary
central and lateral incisors; (c) Between the right maxillary lateral incisor and canine; (d)
Between the right maxillary canine and first premolar; (¢) Between the left maxillary central
and lateral incisors; (f) Between the left maxillary lateral incisor and canine; (g) Between the

left maxillary canine and first premolar

11



(b)

Figure 7. Reference model with designated measurement points for wire form evaluation

(a) Measurement of the distance between designated points on the left and right interproximal
areas between the maxillary central and lateral incisors; (b) Measurement of the distance
between designated points on the left and right interproximal areas between the maxillary
lateral incisors and canines; (c) Measurement of the distance between designated points on the

left and right interproximal areas between the maxillary canines and first premolars

Ae o A A gAe Aot ALES we PUEE v, ol

Mo T AL g 7k FxH PHE Aol T Brsnh
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2.3. 71413 &A

AAA 54 BAAAE mAE dolo] Bk waste] HF-MY FA A

S|
ISO 15841: Dentistry — Wires for use in orthodontics = A X%+ 145 7|TO=

Agsiolom, g ARV Frbes dA delA #eiE i Qe Custom-cutol] gt
A F7EA g1 5 glomr Ay Al oF 7FeAS 18 8te] Custom-print
TORN 7 An HE FAFAY AEAAS dlskltt

13



7} AR

(1) st=-¥g 2 A= 33 F7}

Al Z.+= 1SO 15841: Dentistry — Wires for use in orthodontics 2}o]e] 2] 71412 54&
Hrrek7l {3t Al B A4S Vo R Y el wEt ws Am A7)l
71#o] H= A gkolo] 30 mmE FHIEFS oM, gfojo] ©H X i Aol A
H7rek Al E Y FAS 040x040mm = F 9 7S WS

(2) A=7] H7}
#<% 3D THUEHRE ZF Titanium (Ti-6A1-4V ELI), Stainless Steel (SUS316L) A 5=
ARste] 29 & F74 o 523 ¢ e AHzbA] dA 2 o R A9yt &
1}

FAPA A 2

(1) st=-¥yg 2 A= 33 F7}

ste—wd Hrist =23y AE H7he s AEAI P 7] (Universal  Testing
Machine, UTM) & &3to] Zask3itt. sts—HE A2 1SO 15841: Dentistry — Wires
for use in orthodontics %= 24 7|52 33 w3d WA o=z £33 o (Figure 8,
ARAHEL olFHEE (1.25+ 0.75) mm/min, fFolol= A<l 37 w3 AFo =
AAst o™, AA ] Afo]o] glojo] Azl Zol= 10 mmE AA, WME(EFH
Tl A AREE o]&ato] 3, gtolol= 31 mm7bA W (HEE) Hojof
3k, A2 (unloading) & wIT St She-HEP 2 (force—deflection

diagram) o4 A =, W o] 3.0 mm(F1), 2.0 mm(F2), 1.0 mm(F3), 0.5 mm(F4) & ]
atF Fhe 71Eeto] AEd ofoloj= 7 Ue] 2x xow Aqdshy] flste
37°CE ARk Fz2ay AE AFdA s IA BF Aol AA o] A
UANE FAT v E FAHA AW Ho] 10 mm, AFHS= A 3 mm 35 £ 6
mm/min, &E& 37°C, 503 W stFoR  APaglor 108]HE 503|744
103]2kvtet 3mm W98 A= g3t 9 oA RE et (Figure 8).



A Dimensions in millimetres

Key
1 indenter
2 fulcrum
a  The radii of fulcrum and indenter shall be (0,10 + 0,05) mm.

Three-point bend test

Figure 8. Three-point bending test setup for evaluating the load—deflection characteristics of
orthodontic wires according to ISO 15841.

(A) Schematic diagram illustrating the standardized configuration of the three-point bending
test. The span between the fulcrums is 10 mm, and both the indenter and the fulcrums have a
radius of (0.10 = 0.05) mm as specified by the standard.

(B) Photograph of the test setup showing the indenter positioned above the specimen placed
on two fulcrums.

(C) Photograph of the test performed in a temperature-controlled chamber set to 37 °C,
simulating intraoral conditions as required by ISO 15841.

15



(2) A7 B
72 Ag H EFYE AR T FHYE 101E AAstd A 7 AE R
709 ANBE FuEAok. Zh Al dis] wlE x25004 FAFAAA W7 (SEM) &
0]%0}01 71%7( porosity) 912 wAZIE 9 F=, AAEA ke 55 B gAh
a8 i 3 Azt AEHE #EE Y (Figure 9-A).

7} Al#A gi golA %3 &v7 (Olympus LEXT OLS5100, Olympus) & 53}o] 33 o
HA AANE —Er@,‘é} Atk S o7 JAgstglon S PG (Scan area) <= 129
pum x 129 ym O 2 ##ato] gro] FE Qo Z} AlH 9 Fghs 218k ok (Figure
9-B).

Figure 9. Equipment used for microstructural and surface characterization of the printed
specimens.

(A) Scanning electron microscope (SEM, JSM-7610F Plus, JEOL, Japan) used to observe
internal microporosities, voids, and un-sintered metal powder particles.

(B) Non-contact confocal laser microscope (OLS5000, Olympus, Japan) used to evaluate
surface topography and roughness.
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Figure 10. Accuracy Assessment of Two Types of Retainer Wire Fabrication Based on
Overlay Deviation at Seven High-Curvature Interproximal Points a, Interproximal area
between maxillary central incisors; b, Between maxillary right central and lateral incisor;

¢, Between maxillary right lateral incisor and canine; d, Between maxillary right canine and
first premolar; e, Between maxillary left central and lateral incisor; f, Between maxillary left
lateral incisor and canine; g, Between maxillary left canine and first premolar

Group 1. Custom-print Group 2. Custom-cut

Figure 11. Superimposition results in the x—z direction for each group based on 3D scanning.
Color maps indicate deviations from the reference CAD model
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Figure 12. Wire form evaluation of two retainer wire fabrication methods via 3D
Superimposition a, Measurement of distance between designated left and right points at the
interproximal area between the maxillary central and lateral incisors; b, Measurement of
distance between designated points at the interproximal area between the maxillary lateral
incisor and canine; ¢, Measurement of distance between designated points at the interproximal
area between the maxillary canine and first premolar;
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Figure 13. Load—deflection analysis of two types of fixed lingual retainer wires
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Table 2. Load—Deflection Analysis of Two Types of Fixed Lingual Retainer Wires

Loading Force(N)
Group 0.5 mm 1.0 mm 1.5 mm 2.0 mm 2.5 mm 3.0 mm
Custom-print 2.16 2.83 3.55 4.53 4.96 5.42
Custom-cut 1.99 3.13 3.81 4.24 4.82 5.59
Unloading Force(N)
Group 3.0 mm 2.5 mm 2.0 mm 1.5 mm 1.0 mm 0.5 mm
Custom-print 5.42 2.40 1.32 0.24 0.14 0
Custom-cut 5.59 2.08 0.23 0 0 0
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Figure 14. Comparison of fatigue degradation behavior of Custom-print, Custom-cut lingual

retainer wires
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Figure 15. Comparison of residual force under fatigue loading among three types of lingual

retainer wires including conventional multistranded stainless steel wire
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Figure 16. SEM observation of internal porosity in retainer wires fabricated from two materials
using metal 3D printing (scale x250). (A) Titanium (Ti-6Al-4V ELI) wire; (B) Stainless Steel
(SUS316L) wire.

m Titanium(Ti-6A1-4V ELI) mStainless Steel(SUS316L)

Figure 17. Comparison of surface roughness of retainer wires fabricated from two materials

using metal 3D printing
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ABSTRACT

"Evaluation of Accuracy and Mechanical Properties of Metal 3D

Printed Fixed Lingual Retainer"

Currently, various fabrication methods for fixed lingual retainers are being introduced in
clinical practice with the advancement of digital technology. Studies have reported the clinical
efficacy of the CNC milling (custom-cut) method, which fabricates retainers by cutting metal plates
based on CAD/CAM technology, and various materials are being used in clinical applications.
Retainers fabricated by this method are limited to two-dimensional curved designs, where the
rectangular wire form and the mandibular premolar extensions must be bonded only to the lingual
surfaces rather than the occlusal surfaces. Metal 3D printers, which allow the fabrication of three-
dimensional curved designs, have recently become essential equipment in dental laboratory work
and are expanding their application in orthodontic laboratory procedures as well.

The purpose of this study was to evaluate the clinical applicability of fixed lingual retainers
fabricated using metal 3D printing technology by comparing the structural accuracy and mechanical
properties of two fabrication methods: the conventional CNC milling method (custom-cut) and the
metal 3D printing method (custom-print).

For the analysis of dimensional accuracy, 3D scan data of the fabricated appliances from each
group were superimposed onto their corresponding CAD reference designs. Seven identical
reference points, including specific anatomical areas, were designated to measure deviations and
assess the overall accuracy. Additionally, deviations in the wire arch form were also evaluated.

For the evaluation of mechanical properties, the strength and recovery force of the appliance were
assessed by applying a fixed amount of deformation and measuring the load generated during
deformation and elastic recovery. Additionally, to simulate long-term intraoral function, fatigue
testing was conducted over 50 cycles, and load values along with fracture occurrence were evaluated

every 10 cycles.
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1. Based on the wire design, seven reference points, including interproximal areas, were
selected to measure deviation values. Both the custom-print and custom-cut groups
demonstrated dimensional accuracy within £0.03 mm, with no statistically significant

differences observed at any of the measured points (p > 0.05).

2. In the load—displacement test, both groups showed a linear increase in load proportional to
displacement. Although the custom-cut group exhibited higher stiffness values than the
custom-print group, both demonstrated consistent structural performance. In fatigue testing,
both groups showed a gradual decrease in load with an increasing number of cycles. A
statistically significant difference was found only at the 10th cycle (p = 0.03), with no
significant differences observed thereafter. No fractures were detected in either group after

50 cycles of fatigue loading.

3. Surface roughness in the custom-print group was relatively higher for both titanium and
stainless-steel materials (4.31 + 1.00 um and 5.03 + 1.00 pm, respectively). However, SEM

analysis revealed no structural defects or porosity in the printed components.

Based on these findings, the custom-print method demonstrated clinically acceptable dimensional
accuracy and mechanical properties for use in fixed lingual retainers. Given that surface
irregularities are inherent to the powder bed fusion process used in metal 3D printing, further
research on post-processing methods such as electrochemical polishing may help achieve clinical
stability comparable to that of conventional products.

This study suggests that fixed lingual retainers fabricated using metal 3D printing have high
clinical potential in terms of design precision, automated production, and flexibility for patient-
specific customization. With further optimization of fabrication conditions, their clinical
applicability can be expanded. The results of this study may serve as foundational data for future

applications of 3D printing technology in digital orthodontic laboratory workflows.

Key words: Metal 3D printer, CAD/CAM, Titanium wire, Fixed lingual retainer,
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