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Abstract: Objective: The aim of this in vitro study was to evaluate the accuracy of resin-based fixed dental
restorations, namely veneers, single crowns, and four-unit fixed partial dental prosthesis (FPDs) using two
different 3D printers and polymer-based materials. Materials and Methods: A standard maxillary
polyurethane jaw model containing prepared teeth was scanned using an intraoral scanner. The generated STL
data were used to design the restorations virtually using CAD software. Two 3D printers were utilized for the
provisional digital light processing and stereolithography for the castable resin patterns. Each printer produced
10 specimens of each type of restoration, for a total of 80 restorations. The 3d-printed restorations were then
3D scanned using the same intraoral scanner and evaluated for external and internal dimensional accuracy in
terms of trueness and precision. A one-way ANOVA and Two-sample T-Test were implemented to compute
the precision (variability between groups) and trueness (with the designed CAD model). A level of statistical
significance of p-Value <0.05 was set. Results: Statistical differences in the external dimensional analysis of the
incisors, molars, and four-unit FPD with p-values < 0.001, 0.002, and 0.004 respectively. For the internal
dimensional analysis, the overall mean values of trueness ranged between 17-52 pm and the variability was
significant. Significance: The external and internal dimensional accuracy values of the 3D-printed FPDs in this
in vitro study in terms of trueness can be clinically accepted after chairside modifications. However significant
variability between the 3D-printed FDPs was observed. Further investigations are needed to improve the
accuracy of the 3D-printed FDPs.
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1. Introduction

Digital dental manufacturing technology has advanced tremendously in recent years. Dental
restorations produced with computer assistance are now common in daily dental practice. Increased
patient satisfaction[1], infection prevention[2], reduced office chair time [3], and decreased cost and
material expenses[4], as well as the higher accuracy of treatment outcomes are the main features
promoted as the advantages of the use of computer-aided restorations[5].

Computer-aided or computer-assisted design/computer-aided manufacturing (CAD/CAM) is a
technology used to produce different types of prostheses, including crowns, veneers, inlays, onlays,
fixed dental prostheses (FDPs), removable dental prostheses (RPDs), dental implant prostheses, and
orthodontic and other devices [6]. All CAD/CAM technologies have digitalization tools that
transform geometries into digital data processed by a computer, a software program that designs
virtual restorations, and a production technology that fabricates the designed restoration[7].
CAD/CAM technologies are divided into subtractive, additive, and hybrid [8]. Subtractive
technology uses a computer numerically controlled (CNC) milling machine that subtracts the
material from solid prefabricated blocks by using sharp cutting tools [9]. Despite the fact that this
technology fabricates precise restorations, 90 percent of the prefabricated block is removed and the
wasted material cannot be reused [10], which can be also unfavorable for the environment [11].
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Another limitation of this technology is the inability to fabricate complex geometrical restorations
due to the restricted accessibility of the burs during the subtraction process [12]. Occlusal anatomy
and fine surface details of the restorations are difficult to produce [13].

Additive manufacturing technology or 3D printing is the inverse of subtractive technology. It is
defined as a manufacturing process that builds three-dimensional structures by depositing layers of
material on top of each other until the final structure is achieved. 3D printing can produce objects
made of single or multiple materials without being limited by undercuts or complexity [14]. Hybrid
manufacturing technology is a combination of both subtractive and additive [15,16]. Restorations
fabricated through this technology combine the efficiency of the additive fabricated geometrical
complex restorations and the precision of the subtractive [8].

3D printing was first introduced by Chuck Hull in 1986 through a manufacturing technology
known as stereolithography (SLA) [17]. Hence, it was first implemented in medicine and dentistry.
Other names of this technology include additive fabrication, additive processes, direct digital
manufacturing, rapid prototyping, rapid manufacturing, layer manufacturing, and solid freedom
fabrication [18]. The International Organization of Standardization (ISO) provided an overview of
the exciting 3D-printing process used in dentistry and divided them into seven main categories
[19](Figure 1). Each of these categories has its own set of dental applications, materials, and
manufacturing protocols. The American Society for Testing and Materials (ASTM) Committee F42
also categorized 3D-printing technologies based on machine processes [19]. Furthermore, 3D-
printing technologies can be also categorized according to the material state: 1) liquid, 2)
filament/paste, 3) powder, and 4) solid sheet [20].

The main idea of this technology is that after virtualizing the restoration using 3D CAD software
and exporting it to the 3D printer, the exported file is sliced into a stack of two-dimensional planar
layers (Figure 2). The selected material is then laid over the working surface in thin layers and every
new layer is formed and bonded on top of the previous layer until the restoration is formed. 3D-
printed layers are controlled by an energy source and it depends on the selected 3D-printed process
[19].

Various 3D-printing technologies with different materials, such as polymers, metal alloys, and
ceramics, can be applied in dentistry (Table 1). Polymer-based 3D-printed prosthetic applications
include diagnostic and definitive casts, interim restorations, castable patterns, custom trays, silicone
indices, complete dentures, deprogrammers, and occlusal devices. Metal-based applications include
frameworks for removable prostheses, tooth-and implant-supported dental restorations, and
splinting frameworks for complete arch impression techniques. Ceramic-based applications include
lithium disilicate and zirconia tooth-supported restorations [21-24].

Table 1. Summary of the main applications and materials of 3D-printing in dentistry [1-10]. SLA=
Stereolithography; DLP= Direct Light Processing; CLIP= Continuous Liquid Interface; LCD=
Liquid Crystal Display; SLS= Selective Laser Sintering; FDM= Fused Deposition Molding; EBM=
Electron Beam Melting; ABS= Poly(acrylonitrile/butadiene/styrene); PEEK= Polyether Ether
Ketone; PEKK= Polyetherketoneketone; Co/Cr= Chrome Cobalt, *= Experimental Phase.

Material 3D-printing Technology Dental Applications
Polymer-based:

- Castable Resins

- Hard Polymer

- Clear Hard Polymers Vat-polymerization SLA

- Resin Composite Tooth Vat-polymerization DLP Casts, casted metal frameworks,
Shade Vat-polymerization CLIP pressed lithium disilicate wax
- Resin Composite Gingiva Vat-polymerization LCD restorations, surgical diagnosis,
Elastic Shade Material Jetting surgical guides, occlusal devices,
- Waxes Powder-based Fusion SLS deprogrammers, silicone indices,

- Polyethylene Material Extrusion FDM custom trays, interim restorations,
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- Polylactic Acid denture teeth, mock-up
- Polycarbonate restorations, denture bases, bone
- Polysulfide analogs, orthodontic aligners.
- Polycaprolactone
- ABS
- PEEK*
- PEKK*

Surgical guides, splinting
Metal-based frameworks for complete arch
- C-O-CI“ Alloys Powder-based Fusion SLS impression techniques., frameworks
- Titanium . for removable partial dentures,
- Gold Powder-based Fusion SLM frameworks for tooth- and implant-

Powder-based Fusion EBM

supported  prostheses, crowns,
dental implants, and maxillofacial
prosthetic parts.

Ceramic-based
Vat-polymerization SLA

- Zirconia* Vat-polymerization DLP
- Lithium Disilicate* Material Jetting .
Tooth- ted Restorat
- Hybrid Ceramics* Material Extrusion FDM cothstipported Restotations
Powder-based Fusion SLS

For prosthetic restoration 3D-printing, several steps are involved. Using CAD software, the
external or internal geometry of the restoration is designed in an unordered set of planar triangles.
The CAD software generates a standard tessellation language (STL) file. The STL file consists of three
vertices (namely, X, Y, and Z coordinates) and an index that describes the orientation of the
restoration. After this step, the designed restoration is mathematically sliced into layers with a plane
parallel to the horizontal plane and sent to a 3D printer. The 3D-printing process starts by fabricating
support structures and then each layer is printed according to the given layer thickness, and then
bonded to the preceding layer until the restoration is completed [25]. 3D-printed restorations often
require additional hardening, cleaning, and finishing procedures, known as a post-processing step.
Restorations in this step are relatively unstable and have supporting structures that must be removed
[26]. An overview of the 3D-printing steps is illustrated in Figure 3.

Despite continual advancements in 3D printing technology, determining whether it can compete
with other digital dental manufacturing technologies remains difficult. The accuracy of the fabricated
restorations is important for a technology to gain widespread acceptance. Several challenges have to
be addressed, including limited validation of available materials, mechanical and thermal
characteristics of existing materials that need to be improved, 3D-printing of ceramic structures,
questionable accuracy, post-processing step that is often required, support structure material that
cannot be recycled, material cost, good orientation angle that cannot be established, and lack of
skilled designers in 3D-printing technologies [27].

In vitro studies gave promising results regarding the accuracy of some types of resin-based 3D-
printed dental restorations [28,29], while other studies found that they were inaccurate to be clinically
accepted and further investigations were essential [30-32]. Furthermore, the behavior of different
types of polymer-based materials remains in the literature remains insufficient. Therefore, the aim of
this in vitro study is to evaluate the accuracy of 3D-printed FDPs; namely, veneers, incisors, molars,
and four-unit FDPs using two different 3D-printing technologies and polymer-based materials. The
working hypothesis of this study is that the 3D-printed FDPs will provide similar accuracy values in
terms of trueness and precision when compared to the original STL data.
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1) Vat Photopolymerization

- Stereolithography (SLA)

- Direct Light Processing (DLP)

- Liquid Crystal Display (LCD)

- Continuous Liquid Interface (CLIP)

2) Material Extrusion
- Fused Deposition Molding
- Fused Filament Fabrication

3) Powder-based Fusion

- . . - Selective Laser Sintering (SLS)
Additive Manufacturing Technologies  Selective Laser Melting (SLM)

- Electron Beam Melting (EBM)

4) Material Jetting

5) Binder Jetting

6) Direct Energy Deposition

7) Sheet Lamination

Figure 1. Additive manufacturing technologies classification. (According to ISO 52900:2015 [29]).

Figure 2. Slicing a 3D CAD model into two-dimensional planar layers.

. Post- 3D-printed
» ﬁ &y | Sllslicingy .,  3D-printing procesing restoration

Figure 3. 3D-printing steps of a prosthetic restoration.

2. Material and methods

2.13. D-Printing Process

For FDPs 3D-printing, a partially edentulous maxillary and a fully dentulous mandibular
typodont (Kavo basic study model, Kavo dental GmbH, Biberbach, Germany) were utilized to create
two representative reference models. Reference models were created using a polyurethane material
(Alpha-Pur, Shore A70, CTH Bezema R. Beitlich GmbH; Tiibingen; Germany). One abutment tooth
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(a maxillary canine) was prepared to receive a veneer, one abutment tooth (a maxillary first incisor)
was prepared to receive a full crown, and two abutments (a maxillary first premolar and a second
molar) were prepared to receive a single-span four-unit FDP. A computer-aided impression (CAI)
was taken with the 3M™ True Definition Scanner (software version 4.0.3.1, 3M ESPE, St. Paul, MN,
USA). This intra-oral scanner (IOS) requires a scanning powder; the applied high-resolution 3M™
scanning powder spray (3M ESPE, St. Paul, MN, USA) consists of titanium dioxide, amorphous silica,
aluminum hydroxide, and synthetic amorphous silica (Figure 4).

-

Figure 4. a) Polyurethane reference jaw models; b) Volumetric information obtained by the True
Definition IOS.

The size of the scanning powder particles is given as approximately 20 um (manufacturer
information). STL files were created after the scanning process and were utilized to fabricate the
virtual fixed dental restorations using the CAD software (Zirkonzahn. Modellier 2015.10, Gais, Italy)
(Figure 5).

WOO 6000
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@
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Figure 5. CAD design of the prospective 3D-printed FDPs.

Two 3D-printing technologies were utilized. For the DLP technology, the SHERAeco-print 30
(SHERA Werkstoff-Technologie GmbH & Co. KG, Lemférde, Germany) was utilized. Support
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structures were first created along the occlusal/incisal and the buccal/labial surfaces of the virtual
designed restorations with a 30-angle (Figure 6).

. so0ad 280 :c0000

Figure 6. Virtual orientation of the provisional FDPs on the virtual build platform.

The restorations were sliced into layers and sent to the 3D printer to start the printing process.
A light-cured 3D-printing resin shade A3 (SHERAprint-cb, SHERA Werkstoff-Technologie
GmbH & Co. KG, Lemforde, Germany)

3D-printed the provisional FDPs with a layer thickness of 50 um using LED light. The
printing process of tooth took one hour (Figure 7).

Figure 7. 3D-printed provisional FDPs.

For the SLA technology, the Formlabs Form 2 (Formlabs, Boston, USA) was utilized. Support
structures were created along the occlusal/incisal and the buccal/labial surface of the virtual designed
restorations with 45° angle (Figure 8). The restorations were sliced into layers and sent to the 3D
printer to start the 3D printing process. A light-cured castable resin 3D-printed the FDPs with a layer
thickness of 25 pm using an ultraviolet laser with a laser power of 250 mW. The printing process
took 8 hours and 18 minutes (Figure 9).
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Figure 8. Virtual orientation of the castable FDPs on the build platform.

Figure 9. 3D-printed castable FDPs.

After the 3D printing for both 3D printers was completed, all restorations were ultrasonically
cleaned with 96% alcohol and post-cured using an ultraviolet curing unit (Figure 10). Before
performing further analyses, all restorations were visually inspected to ensure that they were free
from any voids, defects, or surface roughness. The support structures were removed, and restorations
were carefully polished (Figure 11).
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Figure 11. 3D-printed restorations after ultraviolet post-curing and support structures removal a)
FDPs, b) molars, ¢) incisors, and d) veneers.

2.2. Data Analysis

Each 3D printer technology generated 10 specimens of each type of restoration for a total of 80
restorations. These generated physical restorations were scanned again and digitized with the same
IOS for evaluation. The accuracy of the 3D-printed restorations was evaluated using the Geomagic
Qualify 2012 (Geomagic, Morrisville, NC, USA). The STL files of the originally designed restorations
(CAD) and the STL files of the 3D-printed restorations were imported to the Geomagic software. The
digital datasets obtained for each of the restorations were aligned and superimposed using the best-
fit algorithm method to measure the discrepancies. The best-fit algorithm moves the test object to the
reference object using an iterative closest-point algorithm (ICP); this step was performed
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automatically. Distributions of the discrepancies were presented as color-coded maps with 21 color
segments. The range of maximum and minimum nominal values was set at £ 20 um and the
maximum and minimum critical values were set at + 200 pum. Yellow to red color illustrates that the
tested restoration is larger than the reference restoration (positive values). Turquoise-to-blue color
illustrates that the tested restoration is smaller than the reference model (negative values).

Two parameters were evaluated to describe the accuracy of the restorations: trueness and
precision. Trueness is the value by which the measured result deviates from the true size of the object.
In this in vitro study, the trueness value was defined as the deviation from the originally designed
CAD restorations. Precision refers to the variability of values generated from the scanned objects. In
this in vitro study, the precision value was defined as the variation of deviations generated among
the 3D-printed FDPs.

The statistical analysis of each restoration is represented by the overall evaluation concerning
the external dimensional analysis of the labial surfaces of the veneers, labial and palatal surfaces of
the incisors, occlusal surfaces of the molars, and the FPDs as well as the internal dimensional analysis
that are represented as the copings of the FDPs (Figure 12). The analysis was performed using the
statistical software (Minitab 16 Version 16.1.1, Minitab Inc., USA). One-way ANOVA and a two-
sample T-test were used to test the overall trueness. A “two variances” test was performed to evaluate
the differences in precision. A level of statistical significance (p-value < 0.05) was set.

2282222222
8E8823s5288

-0.020
-0.040
-0.060
-0.020
-0.100
0120
-0.140
-0.160
-0.180
-0.200

Figure 12. Three dimensional analysis of the 3D-printed FDPs and copings using the Geomagic
software (Qualify 2012).

3. Results

Table 2 summarizes the overall trueness values of the external and internal dimensional analysis
of the 3D-printed FDPs. Positive values indicate that the 3D-printed FDPs are larger than the
reference CAD design and negative values indicate that the 3D-printed FDPs are smaller than the
reference CAD design. Regarding the external dimensional analysis of the incisors, it was found
significant differences in the trueness (p-Value = 0.001). On the labial surfaces, castable resin-based
incisors showed a trueness of -97+ 84 um and provisional resin-based incisors showed a trueness
value of -77+ 98 um (Figure 13b).
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Table 2. Overall trueness values of the 3D-printed restorations.

Trueness
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Veneers 0.854 88 £ 26 um 85+ 41 um
Incisors Labial 0.001 -97 £84 um -77 £98 um
Incisors Palatal ] 22+83 um 64+ 91 pm
Molars 0.002 53 £19 um 77 £42 ym
FPDs 0.004 181 £91 um 214 +89 um
Veneers 0.909 18 £7 um 17£2 uym
Incisors 0.012 31+4 um 52 +20 um
Molars 0.001 23 +2 um 31+4 um
FPDs # 14 47 £9 pm 52+ 6 um
FPDs # 17 0.001 25+ 2 pum 44+ 6 um
a) Veneers o De ot b) IncisOrs  Boxplot of Deviation
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0,10 I .
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£ o §
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& 205 &
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Figure 13. Boxplots representing the trueness of the external dimensional changes of the 3D-printed
FDPs a) veneers, b) incisors, ¢) molars d) retainers of the FDPs (in micrometers).*=outlier.

Furthermore, significant differences in the trueness of the occlusal status of molars were found
(p-Value = 0.002). Provisional resin-based molars showed high trueness values of 77 + 42 um. Also in
the FPDs, significant statistical differences of the occlusal status were found in the trueness (p-Value
= 0.004). The provisional resin-based showed high trueness values of 214 + 89 um. The trueness in
veneers did not show significant differences (p-Value= 0.854) (Figure 13c,d).

Copings of the incisors, molars, and four-unit FDPs were statistically significantly different in
trueness with a p-value < 0.05. Provisional resin-based showed high trueness values of 52 + 20 um.
On the other hand, no statistical differences in the trueness values in the veneers with a p-Value=
0.909 (Figure 14 a, b, c & d).
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Figure 14. Boxplots representing the trueness of the internal dimensional changes (copings) of the 3D-
printed FDPs a) veneers, b) incisors, c) molars d) retainers of the four-unit FDPs (in micrometers).

*=outlier.

Table 3 summarizes the overall precision values of the external and internal dimensional
analysis of the 3D-printed FDPs. Marginal statistical significance in the precision of the external
dimensional analysis of the veneers was found (p-Value= 0.054). Furthermore, statistically significant
differences in the precision of the molars occlusally were found (p-Value = 0.001). High variability
between the 3D-printed molars of the provisional resin-based ranging between -32- 188 um (lower
and upper control limits) was found (Figure 15 c). However, in the coping analysis no statistical
differences in the precision of the molars were found (p-Value= 0.305) (Figure 16 c). Copings of the
veneers, incisors, and retainers of the FPDs showed statistically significant differences in the precision
p-Value= 0.002, =0.001, and 0.012, respectively. Copings of the castable resin-based incisors showed
higher variability ranging between 0.5- 36 um (lower and upper control limits) while copings of the
provisional resin-based incisors showed higher variability ranging between 1-11 um (lower and
upper control limits) (Figure 16 b).

Table 3. Overall precision values of the 3D-printed restorations. * LCL= Lower control limit; UCL:
Upper control limit.

Precision

Veneers 0.054 -3-179 um -26- 198 um
Incisors labial 59- 139 pm 69- 160 um
Incisors palatal 0.892 59- 137 um 64- 149 um
Molars = 0.001 2- 103 um -32- 188 um

FPDs 0.101 169 — 270 um 206 — 328 um




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 February 2024

doi:10.20944/preprints202402.1402.v1

12
Veneers 0.002 0.5-36 um 7 —28 pum
Incisors =0.001 2-4pum 1-11 um
Molars 0.305 1-5 um 2- 8 um
FDPs # 14 6—12 um 3-13 um
FDPs #17 0.012 1-6um 4-14 uym
I Chart of ABS_Deviation by 3D Printer 1 Chart of Deviation by Printer-ControlArea
Formlab r Shera Formlabs-Labial Formlabs-Palatal Shera-Labial Shera-Palatal
w01 i [ CL=02902
0,20 T o DR 03 I o f
UCL=0 m
0,2
0,15 I
I 0,1-
E 0,10 o o ! A AF Eg 0,0
2 | v LA ol
2 | 2 0
g 005 | 2
I 0,21
I | LCL=-0,2245 | |
203 ——
0,00 ooy 03 05 | :__1'
| LCL=-0,3359
I o028 -0,4 T T T I T T I- T T I T T
1 5 9 3 17 21 25 29 33 37 19 17 25 33 41 49 57 65 73
a) Veneers Samples b) Incisors Samples
c) Molars d) Four-unit FDPs
) I Chart of Deviation by 3D Printer I Chart of Deviation by 3D-printer-FPD-Position
Formlab Shera Formlabs-Retainer  Formlab: Shera-Retai Shy
0,20 T ucLe026 ] uGcpsaal YCi0soeT Glogses
I = I
I 0,50 I I ) I ™
0,15 | X=0,025 | xeoom | T | T
I | | |
- s 0,25 |
3 0w 4Ci0u0l, 3 I
> X=0,0531 = 0,004
i i | |
§ 0,05 2 I
g oz |
g | |
0,00 wCr-000s | -0,50 e o |
I L WCL=9,527
-0,05 1 | 1 LCL=0,0324 e : : L ; LCL0,613
. v . . — . A . 1 25 49 73 97 121 145 169 193 217
1 9 17 25 33 4 49 57 65 73 ey
Samples

Figure 15. Individual chart showing the precision of the external dimensional changes of the 3D-
printed FDPs a) veneers, b) incisors, c) molars, d) four-unit FDPs (in micrometers). * LCL= Lower

control limit; UCL: Upper control limit.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 February 2024 d0i:10.20944/preprints202402.1402.v1

13
a)Veneers  IChartof Deviation by 3D Printer b) INCISOTS 1 chart of Deviation by 3D Printer
Formiab - Shera Formlab Shera
yci-open, 0,12 'l e
- 0,10 :
0,03 | YSi-002814 |

] 0,08

i /\ | X=0,0178 ! : Xe0,0524

Y I

F o - AL A 3 oo S AN

| -
L,_N \/l | v \ 0,04 Xe0,0314 Akl EEH.JI / V V V
! oo - MW.—-’
4 |
I CL0,007%6 a2 ‘“"‘"‘F‘I
000 - 0,00 |
’ T T T Lz Q00052 1 v T v v | W = 0,0108
1 3 5 7 9 1 13 15 17 19 1 3 5 ; 9 1 13 15 17 19
Observation Observation
c) Molag . I Chart of Deviation I;v h::) Printer d) Four—um} (l::hE)rltDosf Do Pt
0,04 T Formiab-17 Shera-17 Formlab-14 Shera-14
YCL=0032 | 0,08 T Py
0,03 2

T
| f
I |
scios, t e :
I |
I
L

|
|
|
i | 0,06
| X0,0178 i Xetou
= 0,018 ! 05 i
002 - L AL _A s A
\\’_/\/ \./," NN ; 0,04 ! [
1 % R | |
z | I | |
001 | £ oo N{fv/\ = [
| CL=0,00746 0,02 | A | |
| 1 r 1
" T - |
& . . : N . . . . S | | |
1 3 5 7 9 11 13 15 17 19 0,00 L I I
Observation 1 s 9 13 17 2a 25 29 3 37
Observation

Figure 16. Individual chart showing the precision of the internal dimensional changes (copings) of
the 3D-printed FDPs a) Veneers, b) Incisors, c¢) Molars, d) Four-unit FDPs (in micrometers).

4. Discussion

Layer-by-layer is the conceptual method for fabricating 3D-printed dental restorations. This in
vitro study investigated the accuracy of different types of resin-based 3D-printed FDPs. The working
hypothesis of this investigation was partially rejected, as the generated restorations by either 3D-
prinetrs did not show ideal clinical level of accuracy. The number of studies investigating the
accuracy of 3D-printed fixed dental restorations in the literature is increasing [30,33-36]. The rationale
for using this technology is to create an alternate valid method for fabrication that can replace or be
compatible with subtractive and conventional fabrication processes.

Digitizing or data acquisition of reference models using IOS was the first step of the digital
workflow in this investigation. The accuracy of this process directly influences the adaptation and fit
of various types of dental restorations [37]. It was concluded that IOS can produce accurate FDPs in
partially edentulous arches [38]. The IOS used in this present study is the True Definition Scanner.
Currently, this IOS is commercially not available in the market. It is a video-based system that
captures the desired intra-oral surfaces in a continuous series of images, which in turn increases the
accuracy of the captured data[39,40]. Previous and recent studies reported its accuracy for single,
partial and full arch scanning [41-45].

SLA and DLP 3D printing technologies are the most widely used technologies in fabricating
FDPs [46]. Both of them are categorized as polymer-based, but the main differences between them
are the materials used and the technique of building the layers. SLA was the first commercially
available system introduced to the market as it offers the highest levels of accuracy, smooth surface
finish, and good chemical bonding between layers [47,48]. The main drawbacks are limited longevity
and low flexural strength [34]. DLP is faster than SLA in the fabrication and wastes less material,
which reduces the cost [21]. In this in vitro study polymer-based materials provided from both 3D-
printer manufacturers were used. Since, using the material provided by the same 3D printer
manufacturer enhances production accuracy [29,47].
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The internal dimensional analysis showed that the trueness of all types of the tested FDPs for
both 3d-printing technologies are within the ideal clinical level of acceptance ranging between 17-52
pm (Table 2). Internal dimensional or coping analysis can be also evaluated by measuring the
marginal gap width or the absolute marginal discrepancy [49]. This in vitro study evaluated the
trueness and precision of the copings of all types of 3D-printed FDPs through the 3D software
Geomagic (Qualify 2012). Here, the intaglio surfaces of the reference CAD models and the tested
FDPs were marked, removed, fitted together through the best-fit algorithm step then 3D compared
(Figure 17 and Figure 18).

a)
———

d)P—@

Figure 17. A cross section of the superimposed CAD copings (purple lines) and the 3D-printed
copings (black lines) demonstrated for the provisional FPDs; a) veneer, b) incisor, c¢) molar, and d)
four-unit FPD.
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Figure 18. A cross section of the superimposed CAD copings (purple lines) and the 3D-printed
copings (black lines) demonstrated for the casted FPDs; a) veneer, b) incisor, c¢) molar, and d) four-
unit FPD.

This method is simple to manipulate and takes less time since each FDP was analyzed for the
external and internal dimensional changes of the FDPs at the same time. However, this method did
not analyze the accuracy of the internal fit of the restorations on the reference physical models. The
accuracy was measured virtually according to the CAD reference model. Therefore, the coping
analysis values may involve some technical errors related to the best-fit algorithm and the 3D
compare steps.

Ideal marginal fit is the key criterion for the success of FDPs. Discrepancies in the marginal fit
lead to adherence of oral bacteria, which contributes to plaque accumulation, secondary carries,
cement microleakage, and endodontic inflammations [50]. A diversity of values and tested
methodologies were published in the literature to access the maximum clinically accepted values.
These values ranged between 50-150 um [51-53]. In a systematic review, it was found that 3D-printed
FDPs fabricated from polymer-based materials have superior marginal fit and internal adaptation
and can be used as an alternative and valid fabrication method[36]. However, great variability in
precision was detected between the 3d-printed FDPs, indicating that the reproducibility of both
printers is negligible (Table 3 & Figure 16).

Concerning the external dimensional accuracy, the overall trueness values found that the
occlusal surfaces of the four-unit FDPs ranged between 181 £ 91 um (cast patterns) and 214 + 89 um
(Provisionals) (table 2). Also, trueness values of the occlusal surfaces of the molars ranged between
53 £ 19 um (cast patterns) and 77 + 42 pum (Provisionals). Clinically, those restorations cannot be
further processed and cemented without additional occlusal chairside adjustments. Some in vitro
studies showed disparities in the external dimensional accuracy of 3D-printed four-unit FDPs, these
were either larger or smaller than the CAD model [54,55]. Furthermore, it was shown that the post-
curing step might influence the increase in dimensional accuracy [56].
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Both 3D-printed cast patterns and provisional restorations of the incisors showed significant
differences (Table 2). The observed deviations on the buccal surfaces were in negative values ranging
between -97 + 84 um (Cast patterns) and -77 £ 98 um (Provisionals). This is represented in the color-
coded scales by the turquoise to dark blue areas, which indicated that the printed restorations were
smaller than the reference model or in other words a shrinkage of the printed parts occurred (Figure
19 and Figure 20). However, these deviations can either be related to the tooth shape (morphology of
the incisors), as well as to the technical sensitivity of the best fit-algorithm procedure [57]. And can
be considered as high (Table 2).

Figure 19. A cross section of the superimposed CAD copings (purple lines) and the 3D-printed FDPs
(black lines) demonstrated for the provisional FPDs; a) veneer, b) incisor, c¢) molar, and d) four-unit
FPD.
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Figure 20. A cross section of the superimposed CAD copings (purple lines) and the 3D-printed FDPs
(black lines) demonstrated for the casted FPDs; a) veneer, b) incisor, ¢) molar, and d) four-unit FPD.

It was proven that SLA technology provides better dimensional accuracy over other 3D-printing
technologies [58], which was also observed in this in vitro study. This might be due to the longer
printing time that provides adequate polymerization of the 3D-printed parts[59]. However, other
parameters might influence the accuracy of 3D printing. Build orientation angle and layer thickness
are the most studied influential parameters reviewed in the literature [47,59-62]. Build angle is the
orientation of the printed model concerning the printer build platform. As the build angle changes,
the geometry of printed layers changes. This, in turn, changes the supporting relationship of a given
print layer to its successively printed layers, affecting ultimately the print accuracy in that region
[61,63,64]. Studies have shown that 30° and 45° build angle orientations provide acceptable
dimensional accuracy and surface finish [61,62], [60,65]. Build orientation angles in this in vitro study
were chosen according to the literature reviews and 3d-printer manufacturers' recommendations
[58,66,67]. Layer thickness represents the height of each layer of the 3D-printed material regardless
of the technology utilized. Layers are built along the Z coordinate and known as Z-axis resolution
[64]. In general, the effect of layer thickness on the print accuracy depends on the 3D printing
technology and the geometrical complexity of the dental restoration [68]. Controversial results were
found in the literature regarding the effect of layer thickness on accuracy. Studies recommended
setting high layer thickness in the range of 100 um [69-71], while others found that lower layer
thickness ranging between 25 and 50 pm provided more accurate dental restorations [66,68,72,73]. It
was also found that the quality of 3D-printed FDPs with the 100 um layer thickness was similar to
that of the 50 um layer thickness [60].

Other parameters that might also influence the accuracy, such as the printing mode, materials
available, and the lack of standardization of the printing technologies. In general, in vitro studies do
not always represent the actual clinical situation and the application of AM technologies remains still
limited. Promising results show that it is possible to obtain a comparable accuracy as manufactured
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by the milling when the FDPs are manufactured by 3D printing with favorable parameters [60,74].
Therefore, investigations are required to improve the accuracy of the 3D-printed FDPs.

5. Conclusions

3D printing technology can be considered as a valid fabrication method. External and internal
dimensional accuracy of the FPDs in this investigation in terms of trueness can be clinically accepted
after chairside modifications. However significant variability between the 3D-printed FDPs was
observed.
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