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1. Einleitung und Zielsetzung

Die Moglichkeit dreidimensional (3D) zu drucken und mit einer additiven Fertigungstechnologie
(AM) Objekte schichtweise herzustellen, kann als Teil einer neuen industriellen Ara angesehen
werden. AM hat das Potential traditionelle Entwicklungs- und Herstellungsprozesse dauerhaft zu
verdndern und in der modernen Industrie 4.0 zukiinftig ein integraler Bestandteil zu werden. Die
Anwendungsgebiete sind sehr vielfiltig und es kommen durch die Entwicklung neuer Materialien,
Technologien und auslaufender Patente fast tdglich neue hinzu. In vielen Branchen wird der 3D-
Druck bereits erfolgreich eingesetzt und ist nicht mehr wegzudenken, wie beispielsweise in der
Automobilindustrie, in der Luft- und Raumfahrt, im Maschinen- und Modellbau sowie in medi-
zinischen Bereichen [1]. Allerdings haben medizinische Anwendungen spezielle Anforderungen,
wie eine hohe Komplexitit, eine individuelle Anpassung an patientenspezifische Bediirfnisse, eine
geringe Produktionsmenge, eine hohe Prizision sowie die Erfiillung der Richtlinien des Medizin-

produktegesetzes.

Auch in der Zahnmedizin hat die additive Fertigung seit den 1980er Jahren Einzug gehalten und steht
der bereits etablierten subtraktiven Technologie konkurrierend gegeniiber [2]. Beide Verfahren sind
ein Bestandteil der modernen Zahnheilkunde beziehungsweise Zahntechnik, bei denen ein digitaler
Workflow mit Datenerhebung (beispielsweise durch eine intraorale Aufnahme mit einem 3D-
Scanner), computerunterstiitzter Konstruktion (Computer-Aided-Design, CAD) und additiver

respektive subtraktiver Fertigung (Computer-Aided-Manufacturing, CAM) vorzufinden sind.

Der 3D-Druck tiberzeugt mit zahlreichen Vorziigen, vor allem dadurch, dass Objekte mit komplexen
individuellen Geometrien in einer kurzen Entwicklungs- und Produktionszeit kosteneffizient
hergestellt werden konnen, da kein wesentlicher Materialverlust auftritt [3]. Nachteilig sind der
umfangreiche Workflow mit einem technischen Versténdnis, eine erforderliche Nachbearbeitung des
gedruckten Bauteils (Postprocessing) sowie eine noch unzureichende klinische (Langzeit-)

Erfahrung zu nennen.



Es werden inzwischen viele verschiedene Materialien fiir den 3D-Druck in der Zahnmedizin
angeboten, wie zum Beispiel Wachse, Harze, Kunststoffe, Metalllegierungen und neuerdings
Keramiken [4, 5].

Auch bei den in der Zahnheilkunde angewandten additiven Technologien gibt es eine grofie Auswahl
an Moglichkeiten, wobei das Digital Light Processing (DLP), die Stereolithographie (SLA), das
selektive Lasersintern (SLS), das Photopolymer Jetting (PJ) und das Fused Layer Manufacturing
(FLM) hauptséchlich zur Anwendung kommen [6].

Letzteres ist seit 2013 dazu geeignet moderne Hochleistungskunststoffe aus der Gruppe der
Polyaryletherketone (PAEK) additiv zu verarbeiten [7], wobei Polyetheretherketon (PEEK) als teil-
kristalliner thermoplastischer Kunststoff bisher in der Zahnmedizin am haufigsten als metall- und
restmonomerfreie Alternative sowohl fiir festsitzenden als auch herausnehmbaren Zahnersatz,
Implantat-Abutments und dariiber hinaus bereits erfolgreich als eine Alternative zu den als ,,Gold-
standard“ titulierten Titanimplantaten verwendet wird [8]. Auch in anderen zahnmedizinischen Fach-
disziplinen wie der Mund-, Kiefer- und Gesichtschirurgie sowie der Kieferorthopadie ist PAEK
bereits erfolgreich im Einsatz [9].

Die hervorragende Biokompatibilitét, das niedrige spezifische Gewicht, die Radiotransluzenz, ein
knochenihnliches niedriges Elastizititsmodul (E-Modul) von 4 GPa und optimale mechanische

Eigenschaften sorgen fiir eine ausgesprochene hohe klinische Leistungsfahigkeit [10].

Um die Mechanik von dentalen Werkstoffen evaluieren zu kénnen, stehen verschiedene Mess-
methoden zur Verfligung. So sind Héirtemessungen mafgeblich dazu geeignet die Stabilitdt und
Bestindigkeit eines Werkstoffs zu ermitteln. Das Verfahren der Martenshirte (HM) Messung ist
besonders fiir kunststoffbasierte Materialien priadestiniert, da diese Messmethodik Informationen
iiber die plastische und elastische Verformung liefert [11].

Weibull Statistiken konnen in der dentalen Werkstoffkundeforschung zum Verstindnis der
strukturellen Zuverldssigkeit angewendet werden, wobei vor allem der Weibull-Modul ein MaB fiir
die Streuung (Zuverldssigkeit) der mechanischen Festigkeit darstellt [12]. Zur Beurteilung der
Struktur eines Werkstoffs dienen auBlerdem optische Untersuchungen, beispielsweise mittels

Lichtmikroskopie.



Um die Langzeitbestéindigkeit und das Verhalten von Werkstoffen nach Alterungsprozessen vorher-
sagen zu konnen, sind das Temperaturwechselbad, die Dampfsterilisation und die Kausimulation

geeignete Methoden, um in vitro die klinische Situation adédquat nachzuahmen [13].

Allerdings ist die Datenlage {liber die mechanischen Eigenschaften und die Resistenz gegeniiber
mechanischen und thermischen Belastungen von in der FLM Technologie hergestellten PEEK
Komponenten noch sehr rar, da bislang PEEK Werkstiicke in der Zahnmedizin aus Granulat oder
Pellets gepresst sowie CAD/CAM-basierend aus industriell vorgefertigten Ronden gefrist worden

sind.

Aus diesem Grund setzt sich die vorliegende Arbeit mit dem 3D-Druck von PEEK in der FLM

Technologie auseinander und untersucht zusammenfassend folgende Aspekte:

1. Vergleich der Martensparameter von 3D-gedruckten und gefrdsten PAEK Materialien in

Bezug auf Druckrichtung und kiinstlicher Alterung.

2. Bruchlast von 3D-gedruckten PEEK Inlays im Vergleich zu gefriasten PEEK Inlays, direkten

Komposit-Fiillungen und nicht restaurierten Zahnen.
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3. Eigene Arbeiten

Nachfolgend werden zwei Originalarbeiten in englischer Sprache vorgestellt und zusammengefasst.

3.1 Originalarbeit: Prechtel A, Reymus M, Edelhoff D, Hickel R, Stawarczyk B.
Comparison of various 3D printed and milled PAEK materials: Effect of printing
direction and artificial aging on Martens parameters. Dent Mater 2020;36:197-

209 (https://doi.org/10.1016/j.dental.2019.11.017) IF 2018: 4.440°

Zusammenfassung
Ziel: Das Ziel dieser Untersuchung war es, den Einfluss einer kiinstlichen Alterung auf die Martens-

parameter von verschiedenen 3D-gedruckten und gefrasten PAEK Werkstoffen zu ermitteln.

Material und Methode: Es wurden insgesamt 120 Priifkérper aus vier unterschiedlichen PEEK

Materialien (Essentium PEEK (ESS), KetaSpire PEEK MS-NT1 (KET), VICTREX PEEK 450G
(VIC) und VESTAKEEP 4G (VES)) mittels FLM Technologie additiv hergestellt. Dabei wurden je
Material 15 Priifkorper in horizontaler und vertikaler Druckrichtung gefertigt. Von den industriell
fabrizierten PAEK Ronden (breCAM.BioHPP (BHD/ BHW), Dentokeep (DEN), JUVORA Dental
Disc 2 (JUV) und Ultaire AKP (ULT)) wurden ebenfalls jeweils 15 Priitkorper herausgefrist (n=75).
AnschlieBend wurden die Martenshérte (HM), die Eindringhérte (Hit) und der Eindringmodul (Eir)
vor und nach einer kiinstlichen Alterung durch ein Temperaturwechselbad (5-55 °C, 10.000
Thermozyklen) und einer Dampfsterilisation (134 °C, 2 bar) gemessen. Zusétzlich wurde jeweils die
Oberflachenbeschaffenheit der Priifkdrper auf Verdnderungen durch diese Alterung licht-
mikroskopisch begutachtet.

Die ermittelten Daten wurden mittels Kolmogorov-Smirnov Test, einfaktorieller ANOVA mit an-
schlieBendem post-hoc Scheffé Test und partiellem Eta-Quadrat sowie mittels Kruskal-Wallis-,
Mann-Whitney-U-, Friedmann- und Wilcoxon-Test ausgewertet. Dabei wurde jeweils ein Wert von

p<0,05 als signifikant angesehen.



Ergebnisse: Im Allgemeinen zeigten die gefrdsten Priifkérper hohere Martensparameter als die
gedruckten Priifkorper (p<0,001). Die kiinstliche Alterung hatte auf die gemessenen Parameter einen
negativen Einfluss (p<<0,001). In horizontaler Richtung gedruckte Priifkdrper hatten unabhéngig vom
Material und dem Alterungsprozess hohere Martensparameter als die in vertikaler Richtung
gedruckten Varianten (p<0,001). ESS und BHD lieferten von allen untersuchten PAEK Werkstoffen
sowohl vor der Alterung als auch nach dem Temperaturwechselbad und der Dampfsterilisation die
hochsten Werte, wihrend bei VIC und ULT die Werte am geringsten waren (p<<0,001).

Die lichtmikroskopischen Untersuchungen zeigten keine gréferen Verdnderungen der Materialien

durch die kiinstliche Alterung.

Schlussfolgerung: 3D-gedruckte PEEK Materialien zeigten geringere Martensparameter als die

gefrasten Werkstoffe, wobei die in horizontaler Richtung gedruckten Priifkorper hohere Werte
aufwiesen als die in vertikaler Richtung gedruckten Varianten. Die kiinstliche Alterung stellte zwar
einen negativen Einflussfaktor auf die Martensparameter dar, hatte jedoch keinen wesentlichen

Einfluss auf die Beschaffenheit der Priifkorperoberflache.

Klinische Relevanz: Bei der additiven Verarbeitung von PEEK Materialien mittels FLM

Technologie haben Druckrichtung und Alterungsprozesse einen fundamentalen Einfluss auf die

mechanischen Eigenschaften der gedruckten Bauteile.
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Objectives. The aim of this study was to investigate the effect of artificial aging on the Martens
parameters of different 3D printed and milled polyaryletherketon (PAEK) materials.
Methods. In total 120 specimens of 4 different polyetheretherketon (PEEK) materials (Essen-
tium PEEK, KetaSpire PEEK MS-NT1, VICTREX PEEK 450G and VESTAKEEP i4 G) were
additively manufactured via fused layer manufacturing (FLM) in either horizontal or verti-
cal directions (n=15 per group). 75 specimens were milled out of prefabricated PAEK blanks
from the materials breCAM.BioHPP, Dentokeep, JUVORA Dental Disc 2 and Ultaire AKP (=15
per group). Martens hardness (HM), indentation hardness (Hr) and indentation modulus
(Err) were determined initially and longitudinally after thermocycling (5—55°C, 10,000x)
and autoclaving (134°C, 2bar). In each case, the surface topography of the specimens was
examined for modifications using a light microscope.

Data were analysed with Kolmogorov-Smirnov test, univariate ANOVA followed by
post-hoc Scheffé test with partial eta squared (n,?), Kruskal-Wallis-, Mann-Whitney-U-,
Friedman- and Wilcoxon-Test. A value of p<0.05 was considered as significant.

Results. Milled specimens showed higher Martens parameters than printed ones (p <0.001).
Artificial aging had a negative effect on the measured parameters (p<0.001). Horizon-
tally printed specimens presented higher Martens parameters than vertically printed ones,
regardless of material and aging process (p<0.001). Essentium PEEK and breCAM.BioHPP
showed the highest and VICTREX PEEK 450G as well as Ultaire AKP the lowest values of all
investigated PAEK materials initially, after thermocycling and after autoclaving (p <0.001).
Microscopic examinations showed that artificial aging did not cause any major modifications
of the materials.
Significance. Additively manufactured PEEK materials showed lower Martens parameters
than milled ones, whereas horizontally printed specimens presented higher values than
vertically printed ones. Artificial aging had a negative effect on the Martens parameters, but
not on the surface topography.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In dentistry, the possibility of using additive manufacturing
(AM) technologies for producing objects layer by layer has been
used in a digital workflow with data acquisition, computer-
aided design (CAD) and computer-aided manufacturing (CAM)
since the late 1980s [1]. In recent years, the development
of new materials, printing techniques and machines has
increased rapidly, giving three-dimensional (3D) printing the
potential to revolutionize traditional dentistry in clinical treat-
ment, research and education. Its indications extend from
prosthodontics, oral and maxillofacial surgery to orthodon-
tics, endodontics and periodontics [2]. The advantages of AM
are very convincing, such as the fabrication of complex indi-
vidual geometries, on-demand production of small quantities,
a high economic efficiency due to a theoretical material yield
of 100 %, accelerated and cost-effective innovation processes,
as well as high precision [3]. On the negative side, high process-
and material costs, a complex workflow with presupposed
technical know-how, anisotropic behaviour as well as a time-
consuming postprocessing of the printed object have to be
mentioned. 3D printing is already successfully applied in var-
ious medical and dental fields [4,5].

Several printing techniques are available for processing
polymers such as polyamide (PA), polycarbonate (PC) and
acrylonitrile-butadiene-styrene (ABS); namely: stereolithogra-
phy (SLA), selective laser sintering (SLS), inkjet 3D printing
(3DP) and fused layer manufacturing (FLM) [6]. The last one
is suitable for thermoplastic elastomers (TPE) such as modern
high-performance polymers from the group of polyarylether-
keton (PAEK).

Especially, the increasing demand of many patients
for biocompatible, metal-free and esthetic dentures makes
PAEK attractive as an alternative to conventional restora-
tive materials, where polyetheretherketon (PEEK) represents
the best known and dominant member of the PAEK fam-
ily.

PAEKs are semi-crystalline thermoplastics in which aro-
matics are linearly linked in different orders via ether and
ketone connections [7]. The amount of these functional
groups determines the mechanical and thermal proper-
ties. The synthesis is based on condensation polymerization
using electrophilic or nucleophilic substitution. Due to its
excellent biocompatibility [8,9] and its high mechanical prop-
erties, it has been used for many years in medicine for
spinal implants, femoral stems or trauma implants [7,10].
For dentistry, the chemical stability, X-ray translucency, bone-
like elastic modulus (3-4GPa), tooth-like colour and a low
plaque accumulation are very advantageous [7]. In contrast
to conventional dental methylmethacrylate-based polymers,
PAEKs are free of residual monomer, making them ideal
as an alternative material not only for patients with a
high risk of allergies. So far, only one case of a chronic
systemic allergy to PEEK has been reported in the litera-
ture [11]. The application of PAEKs in dentistry has a wide
range. For example, they are used as frameworks for crowns
and bridges, dentures bases and clasps, partial crowns,
implants, implant abutments and esthetic orthodontic wires
[12-16].

PAEK polymers can be processed in a variety of ways.
Since 2011 CAD/CAM-supported milling of industrially pre-
fabricated blanks is available [17]. For processing PAEKs for
3D printing technology FLM is available, which was firstly
reported by Valentan in 2013 [18]. In this technique, the solid
filament is heated at the nozzle to a semi-liquid state and
then placed on the printer’s building platform or previously
printed layers. The single layers are then fused together to
the final component [6]. Due to the high crystalline melt tran-
sition temperature (Tm =343 °C) of PEEK, a special 3D printer
is required that can provide the high melt and ambient tem-
peratures and keep the temperature of the nozzle, building
platform and chamber constant for a long time in a con-
trolled process. Previous literature about PEEK processed via
FLM was based mostly on custom-made printing machines. It
was found by fourier transform infrared (FTIR) spectroscopy
analyses and in-vitro cytotoxicity tests that the high temper-
atures do not modify the molecular structure of PEEK and no
toxic substances were produced during the printing process,
which is very important for medical use [19]. Generally, the
few existing studies have shown that the mechanical prop-
erties of printed components out of PEEK via FLM depend on
printing temperature, layer thickness, printing speed, extru-
sion path, filling ratio, raster angle and printing direction
[20-23].

However, data on the mechanical properties of FLM man-
ufactured PEAK components for dental applications is still
limited. The aim of this study was to examine the influence
of artificial aging on the hardness of PEEK materials man-
ufactured with either a commercially available FLM printer
or different PAEK polymers milled from industrially pre-
fabricated blanks.

Hardness is an important parameter for the durability of
a material [24]. The Martens hardness test method is partic-
ularly suitable for polymer-based dental materials, in which
the effects of elastic and plastic deformation are determined.
Furthermore, this method of measurement is independent of
the optical and subjective measurement of indentations of the
indenter.

The null hypothesis was that there were no differences in
the Martens parameters between 3D printed and milled PAEK
materials regardless artificial aging and printing direction.

2. Materials and methods

A total number of 204 specimens (10mm x 10 mm x 5mm)
were manufactured, embedded in acrylic resin (ScandiQuick
A and B, ScanDia, Hagen, Germany, LOT No. 09201 and 09202)
and polished with P500 for 30s and with P1200 (SiC-Papier,
Struers, Ballerup, Denmark) for 15s with an half-automatic
polishing machine (Tegramin-20, Struers) under permanent
water cooling. Finally, the specimens were cleaned in an ultra-
sonic bath (L&R Transistor/ Ultrasonic T-14, L&R, Kearny, NJ,
USA) for 5min in distilled water. The study design is depicted
in Fig. 1.
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Fig. 1 - Study design: hardness measurements and microscopic examinations initially and after artificial aging on printed

and milled specimens.

2.1. 3D printed PEEK specimens
For each printable PEEK material (Essentium PEEK, KetaSpire
PEEK MS-NT1, VICTREX PEEK 450G, VESTAKEEP i4 G) (Table 1)
thirty specimens were manufactured as filament by FLM (fila-
ment diameter: 1.75 mm) using the printer HTRD1.1 (KUMOVIS
GmbH, Munich, Germany). The technical specifications of the
printer are shown in Table 2. In this 3D printer, the extruder
moves along the X-, Y- and Z-axes, while the building platform
remains in a fixed position. Before the printing process the fil-
ament was put into an oven (Heraeus RT 360, Heraeus Holding
GmbH, Hanau, Germany) at 120°C for 12 h to extract moisture
from the material.

Initially, pilot prints (P1-P9) were made, whereby the influ-
ence of different printing speeds (600, 900 and 1200 mm/min),
layer heights (0.10, 0.15, 0.20 and 0.30mm) and extrusion

widths (0.30, 0.40 and 0.50 mm) on the Martens parameters
was investigated in order to subsequently determine the final
printing parameters for the main prints. These were: printing
speed 900 mm/min, layer height 0.2 mm and extrusion width
0.4mm. The specimens of the pilot and main prints were all
manufactured with 100 % interior fill.

In order to evaluate the influence of the printing direction
(layer orientation) on the Martens parameters, fifteen speci-
mens for each printable PEEK material were printed in either
horizontal (XY) or vertical (Z) directions

(Fig. 2). With the horizontally printed specimens, the layers
were oriented perpendicular to the measuring direction and
for the vertical ones, the layer orientation was parallel to the
penetration of the indenter pyramid.

After the printing process all specimens were carefully
removed with a cutter from the building platform immedi-
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Table 1 - Summery of production process, PAEK materials, abbreviations, compositions, manufacturer and LOT numbers.

Production PAEK material Abbreviation Composition Manufacturer LOT No.
process
Fifimitiog Essentium PEEK ESS Polyetheretherketon, Essentium Inc., 1-80601
. unfilled Pflugerville, USA
(horizontal and @ .
- KetaSpire® PEEK KET Polyetheretherketon,  Solvay Specialty 1850009004
MS-NT1 unfilled Polymers USA, L.L.C.,
Alpharetta GA, USA
VESTAKEEP? i4 G VES Polyetheretherketon, Evonik Industries “testing grade”
(exp. material) unfilled AG, Essen, Germany  version
VICTREX® PEEK 450G~ VIC Polyetheretherketon,  Victrex plc., 7082
unfilled Thornton Cleveleys,
UK
X BHD Polyetheretherketon, ~bredent, 438245
breCAM.BioHPP® filled with Senden,
Milling app. 30 % TiO,, Germany
dentin-shade 2
BHW Polyetheretherketon, 406700
filled with
app. 20 % TiO,, white
Dentokeep DEN Polyetheretherketon, Trading GmbH & Co. ~ 11DK18001
filled with KG, Karlsruhe,
app. 20 % TiO, Germany
JUVORA™ Dental Juv Polyetheretherketon, JUVORA Ltd., ‘WO0000042IDML
Disc 2 unfilled Thornton Cleveleys,
UK
Ultaire™ AKP ULT Aryl-Keton-Polymer,  Solvay Dental 360™, 1641125024032

unfilled Alpharetta GA, USA

Table 2 - Technical specifications of HTRD1.1.

Nozzle temperature 410°C

Nozzle diameter 0.4mm

Heated building chamber 200°C

Heated building platform 250°C

Ventilation Heated laminar airflow
Clean room filter system No

Slicing software Simplify3D® (version 4.1,

Cincinnati, OH, USA)

ately, cooled down at room temperature and measured 24 h
later.

2.2.  Milled PAEK specimens

For each millable PAEK material (breCAM.BioHPP, Dentokeep,
JUVORA™ Dental Disc 2, Solvay Ultaire™ AKP) (Table 1)
fifteen specimens were milled out of pre-fabricated blocks
with a handpiece (KaVo EWL K9, KaVo Dental, Biberach/ Rifs,
Germany).

2.3. Hydrothermal aging process of specimens

The specimens were thermocycled (Thermocycler THE 1100,
SD Mechatronics, Feldkirchen-Westerham, Germany) between
5 and 55°C with a dwell time for 20s for 10,000 cycles. Sub-
sequently, the hydrothermal aging was performed using an
autoclave for five hours at 134°C and 2bar (Euroklav 29-S,
MELAG Medizintechnik oHG, Berlin, Germany).

2.4.  Martens hardness (HM), indentation hardness
(Hir) and indentation modulus (Err)

An universal hardness testing machine (ZHU 0.2/ Z2.5, Zwick
Roell, Ulm, Germany) was used to determine the Martens
parameters (HM in N/mm?, Hyr in N/mm? and Eyr in kN/mm?)
initially and directly after the thermocycling and autoclaving
process. The measurement of Martens parameters is based on
the principle of pressing an indenter into the surface of a spec-
imen and continuously measuring the force F (in N) and the
penetration depth h (in um) during the loading and unloading
phase (DIN EN ISO 14577) [25].

During measurement, the diamond indenter pyramid
(«=136°) of the testing machine was pressed vertically into
the surface of the specimen for 10 s with a load of 9.807 N. The
maximum penetration depth of the pyramid into the material
was 0.05 mm. The movement of the indenter represented the
sum of elastic deformation of the surface together with the
plastic penetration depth [24]. HM, Hr and Ejr were automat-
ically calculated with the corresponding software (testXpert
V12.3 Master, Zwick Roell) using the following equations (DIN
EN ISO 14577) [25]:

F F

HM = =
As(h)  26.43xh?

Frmax

Hir=

2
Err= (l—vg)x 1—7(1 vi)

ithE, =
E E Wit e

VT
2C/Ap

with HM in N/mm?, F (test force) in N, As(h) (surface area
of the indenter at distance h from the trip) in mm?, h (inden-
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0.2mm

Fig. 2 - Sliced (1), printed (2) and measured (3) specimens in horizontal (a) and vertical direction (b). The arrow indicates the

penetration direction of the indenter pyramid.

tation depth under applied test force) in mm, Hir in N/mm?,
Fmax (maximum test force) in N, A (projected (cross-sectional)
area of contact between the indenter and the test piece deter-
mined from the force-displacement curve and a knowledge
of the area function of the indenter) in mm?, Err in kN/mm?,
Er (reduced modulus of the indentation contact) in N/mm?, E;
(elastic modulus of the indenter) in N/mm?, C (compliance of
the contact), vs (Poisson’s ratio of the test piece) =0.35 [26] and
v; (Poisson’s ratio of the indenter)=0.3.

Load-displacement curves (Fig. 3) indicated the penetration
depth of the indenter in relation to the test force and provide
further information about the material behaviour. The area
between the loading and unloading curve indicated the pene-
tration work of the material, while the area below the loading
curve represented the irreversible plastic deformation work in

11

particular and the area below the unloading curve showed the
elastic re-deformation work [27].

2.5. Surface topography analysis

The surface topography of the specimens was analysed with a
light microscope (Leica DM2700 M, Leica Microsystems GmbH,
Wetzlar, Germany) using magnifications of x5 and x20 with
the LAS X software (version 3.4.2, Leica Microsystems GmbH).
Care was taken with a marker line and measured adjustment
of the stage from the microscope to ensure that the same point
was always observed for each specimen after the aging process
in order to be able to make comparable statements.
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onm

Indetatonin um

Fig. 3 - Load-displacement curves of BHD (a.I and c), ULT (a.II), horizontally printed ESS (a.Ill), vertically printed VIC (a.IV)

and vertically printed KET (b).

2.6. Statistical analysis

All statistical analyses were performed with the SPSS statistics
program (version 25.0.0.1, IBM, Armonk, NY, USA). Descrip-
tive statistics were computed. The presumption of normal
distribution was tested using Kolmogorov-Smirnov test. The
univariate ANOVA with partial eta squared (np?) was calcu-
lated for an overall consideration of the data. To determine
significant differences between the various PAEK materials
and printing direction non-parametric Kruskal-Wallis- and
Mann-Whitney-U-Test were used. To evaluate the aging pro-
cess Friedman- and Wilcoxon-Test were calculated. A value of
p<0.05 was considered as significant.

3. Results

The descriptive statistics are summarized in Tables 3 and 4.
Data were analysed nonparametrically, because the
Kolmogorov-Smirnov test showed that more than 5% of the
tested groups (47/117) deviated from the normal distribution.

3.1. Results of the pilot prints

Analysing printing speed, specimens printed at 900 mm/min
and 1200mm/min showed the highest HM (p=0.290) and
Err values (p=0.170). For Hir all three examined printing
speeds were within the same value range (p=0.070). With
regard to layer height, no differences could be found in
the Martens parameters between the various settings (HM:
p=0.626; Hir: p=0.547; Eir: p=0.562). For extrusion width,
specimens printed with 0.4 mm and 0.5 mm showed the high-
est HM (p=0.820), Err (p=0.796) and Hir values (p=0.616).
Finally, differences in the Martens parameters between hor-
izontally and vertically printed specimens were found (HM:
p=0.001; Hy: p=0.002; Err: p<0.001).

3.2. Results of the printed and milled PAEK specimens

Regarding printed specimens the highest impact on HM
and E;r was exerted by material (HM: n,2=0.387, p<0.001;
Err: mp2=0.405, p<0.001) followed by the printing direc-
tion (HM: mp2=0.368, p<0.001; Err: mp2 =0.283, p<0.001) and
the aging process (HM: n,2=0.020, p=0.036; Err: mp?=0.097,
p<0.001). For Hyr, the printing direction had the highest
impact (np?=0.374, p <0.001) followed by material (np?=0.361,
p<0.001), while the aging process did not show an effect
(p=0.387). The binary combination (material and printing

direction) was also significant (HM: 2 =0.294, p<0.001; Hyr:
Mp?=0.308, p<0.001; Err: mp?=0.211, p<0.001).

For the milled specimens the highest impact was exerted
by material (HM: np% =0.817, p<0.001; Hir: mp2 =0.834, p < 0.001;
Err: mp2=0.738, p<0.001) followed by the aging process (HM:
Mp?=0.256, p<0.001; Hr: mp? =0.208, p <0.001; Err: mp?=0.201,
p<0.001) and the binary combination between both param-
eters (HM: mp?=0.122, p<0.001; Hir: mp?=0.128, p<0.001; Err:
mp2 =0.064, p <0.001).

In general, milled specimens showed higher values for
the Martens parameters than printed ones (p <0.001). Differ-
ences between the materials within one aging level (p <0.001)
have been recorded. Furthermore, horizontally printed spec-
imens presented higher Martens parameters than vertical
ones, regardless of material or aging process (p <0.001).

Essentium PEEK (ESS) showed the highest and VICTREX
PEEK 450G (VIC) the lowest values of all printable PEEK
materials initially, after thermocycling and after autoclaving
(p<0.001), whereby VIC showed initially a comparable HM
value with VESTAKEEP i4 G (VES) (p=0.290) and KetaSpire
PEEK MS-NT1 (KET) (p=0.104). For Hyr initially and after ther-
mocycling, VIC was with KET (p=0.228 and p=0.143) and
VES (p=0.340 and p=0.301) in the same value range. KET
and VES showed comparable Ejr values initially (p=0.405),
HM (p=0.403) and Err (p=0.603) after thermocycling and HM
(p=0.673), Hrr (p=0.853) and Err (p=0.246) after autoclaving
(Fig. 3).

For the milled specimens, breCAM.BioHPP with app. 30 %
TiO, (BHD) presented initially, after thermocycling and after
autoclaving the highest Martens parameters (p <0.001). Ultaire
AKP (ULT) showed initially and after the hydrothermal aging
the lowest Martens parameters of all tested millable PAEK
materials (p <0.001) (Fig. 4).

Generally, there are significant differences in the Martens
parameters due to the aging process, with the highest values
being reached initially (p <0.001). Dentokeep (DEN), horizon-
tally printed KET, vertically printed VES and horizontally as
well as vertically printed VIC showed within their group
comparable Martens parameters independently of the aging
process. Horizontally printed ESS and VES as well as vertically
printed ESS and KET presented initially higher Eir than after
autoclaving (p = 0.008-0.046). Specimens printed vertically out
of ESS showed after the hydrothermal aging significant lower
HM and Hyr values than initially.

BHD and breCAM.BioHPP with app. 20 % TiO, (BHW) pre-
sented initially higher Martens parameters than after the
aging process (p<0.001). For JUVORA Dental Disc 2 (JUV)

12
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Fig. 4 - Boxplot of E;r of the printed PEEK materials in relation to the printing direction regardless of the aging process.

and ULT, the values for HM (p=0.008 and p=0.002) and Ejr
(p=0.001 and p=0.003) are initially higher than after auto-
claving, whereas for JUV no difference between the initial and
aged values (HM: p=0.509; Eir: p=0.131) and for ULT no differ-
ence between after thermocycling and after autoclaving (HM:
p=0.147; Err: p=0.058) was observed.

Considering the load-displacement curves the loading and
unloading curve of BHD had the steepest gradients and the
smallest area within the graph compared to the other mate-
rials, which means that less penetration work has been
performed, which in turn indicated higher Martens param-
eters (Fig. 5a.I). With the vertically printed VIC, due to the flat
gradient and the large area within the graph, a lot of pene-
tration work was done so that the Martens parameters were
lowest (Fig. 5a.IV).

The load-displacements curves of vertically printed KET
(Fig. 5b) impressed with many slightly different curves, while
the single curves of the specimens milled out of BHD over-
lapped and were nearly uniform (Fig. 5c).

3.3.  Surface topography analysis

It could be observed microscopically that the hydrothermal
aging did not cause any major modifications in all investigated
PAEK materials. No cracks, fractures, voids and dimension
changes could be detected, which occurred in the process of
artificial aging (Fig. 6).

The printed specimens impressed with a high amount
of artefacts such as not seamlessly placed extrusion paths,
voids and air inclusions, which were already initially present
directly after the printing process (Fig. 7).

4. Discussion

In this in-vitro investigation the effect of artificial aging on
the Martens parameters to different 3D printed and milled
PAEK materials was evaluated. Based on the results, the null
hypotheses were rejected because differences between the
printed and milled materials were found, the printing direc-
tion had a major influence and the aging process showed a
negative effect on the Martens parameters.

15

In general, the Martens hardness test method is very well
suited to investigate the elastic and plastic deformation of
polymer-based materials like PAEK. The effects of morpholog-
ical surface degradations on the mechanical properties caused
by artificial aging can also be efficiently determined with this
test method [28]. HM is different from Hyr only in the definition
of the surface and indentation depth, so that there is a close
relationship between both parameters [29]. Hir examines the
plastic behaviour of the material, while Eir describes the elas-
tic performance and is comparable with the Young’s modulus
[25].

Pilot prints were performed to determine suitable param-
eters for printing speed, layer height and extrusion width for
the main prints. Regarding printing speed, 900 mm/min and
1200 mm/min showed comparable HM and E;r values, but due
to a subjectively higher printing quality of the specimens, the
main prints were set to 900 mm/min. With the layer height
no differences were found between the various settings on
the Martens parameters. Consequently a good compromise
between printing quality and printing time was found for
0.2mm. The extrusion width was adjusted to 0.4mm since
it was the same size as the nozzle.

The differences observed between the printed and milled
PAEK materials need to be highlighted. Milled specimens
showed higher Martens parameters than printed ones. This
fact might be explained by the standardized conditions of
manufacturing by which a controlled crystallization process
of the thermoplastic material can take place. With the printed
specimens, the filament was melted in the extruder and sub-
jected to a more or less controlled crystallization after the
printing process, which can be influenced by many factors.

One important factor is temperature management and
cooling procedures. In the present investigation, the printed
specimens were all removed from the building platform
immediately after the end of the printing process and cooled
down slowly at room temperature. This raises the question of
how the mechanical properties will behave if the component
remained in the heated building chamber for an extended
period of time or quickly cold down abruptly. As PAEK mate-
rials are polymers with a low degree of crystallization, their
mechanical properties dependent on crystallinity [30]. It is
to be expected that components will have better mechani-
cal properties during post heat treatment, since the material



206 DENTAL MATERIALS 36 (2020) 197-209

EITin kN/mm2

breCAM.BioHPP

breCAM.BioHPP
dentin-shade 2 white

Dentokeep

aging process

* extreme outlers

JUVORA Dental Disc 2 Ultaire AKP

Fig. 5 - Boxplots of Eir of the milled PAEK materials in relation to the aging process.
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Fig. 6 - Microscope images (x20) with indentation of milled specimen out of BHD (a) and vertically printed ESS (b) initially
(1), after thermocycling (2) and after autoclaving (3).

can crystallize even further after the printing process and cold
crystallization can be prevented [23]. If cooling is too fast a
lower degree of crystallization and cracks are possible due to a
strong temperature change [31]. However, Valentan et al. have
found that tensile strength decreases if the component is left
at a high temperature in the building chamber for 12h. Con-
sequently, it should be removed from the printer immediately
after the end of the printing process in order to achieve the best
mechanical properties through slow cooling as performed in
this study [18].

A further reason for the lower values of the printed spec-
imens might be due to the artefacts such as voids and air
inclusions within the printed specimen, which weakened the
components mechanically. These artefacts are an indication
of the presence of moisture in the filament [18]. The filament
did not retain its dried state during the long printing process.
It can be expected that it regained moisture from the ambient
air. Therefore, a printer with a sealed chamber for the filament
spool would be necessary to maintain a dried state from the
oven during the printing process.

ESS showed the highest Martens parameters regardless of
the aging process and printing direction, while VIC presented
the lowest values. It is difficult to find an explanation for this.

Unfortunately, the manufacturers do not provide much infor-
mation about the materials’ compositions, except that both
materials have no integrated fillers. VIC is a material devel-
oped and optimized mainly for traditional injection molding.
The experience gained a weaker adhesion between the single
layers, which might explain why vertically printed VIC showed
the lowest values.

In general, horizontally printed specimens showed higher
values than vertical ones regardless of material and aging pro-
cess. In case of the vertically printed specimens, the intender
pyramid was pressed into the surface parallel to the layers, so
that measurements were also made randomly at exactly the
junction between two layers. Minimal tensile stresses were
generated, which resulted in separation and sliding of two
adjacent layers [32]. With the horizontal specimens, however,
the pyramid penetrated into the material perpendicular to
the layers, so that due to the small size of the pyramid only
within one layer was measured and no tensile stresses were
induced. The cohesive bonding within the same layer is also
higher than the adhesive bonding between superimposed lay-
ers [33]. Rinaldi et al. observed in tensile tests that specimens
printed in XY direction with 100% infill had better mechanical
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Fig. 7 - Microscope images (x5) of printed specimens with extrusion paths that were not seamlessly placed against each
other (a), voids (b), wavy rim (c) and air inclusions between the layers (d).

properties than specimens printed in Z direction which is in
accordance to our study [23].

The load-displacement curves of the printed materials
impressed by a high variance of the curves, which indicated
divergent penetration work and Martens parameters between
the single specimens of the same material. An explanation
might be that, although exactly the same printing parameters
were set before each printing process, there were minimal dif-
ferent conditions for each print, such as room temperature,
humidity, manually set Z-height of the extruder and some-
times a replacement of the extruder or the glass plate.

In order to compare the Martens parameters between all
printable PEEK materials, each material was printed with
exactly the same printing parameters. However, it would
probably be necessary to find out the individual printing
parameters for each material in order to achieve the best pro-
cessing conditions and mechanical properties.

For the milled specimens, BHD showed the highest Martens
parameters independently of the aging process. This mate-
rial is filled with approximately 30 % titanium dioxide (TiO,),
which might explain these results. By adding TiO, aluminium
trioxide (Al,03), silicium dioxide (SiO,) or carbon fibers, PAEK
materials can be reinforced, which increases their mechanical
properties [34,35]. BHW and DEN only contain approximately
20 % TiO, which might negatively have influenced the Martens
parameters. However, esthetic properties usually suffer as a
result of the additives, so that not all PAEK compounds can
be used for aesthetic dental restorations in spite of better
mechanical performance. ULT showed the lowest Martens
parameters. This might be explained by the fact that this
material is an unfilled aryl ketone polymer; but otherwise
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no further information about the chemical composition and
exact filler content is available from the manufacturer.

When comparing Martens parameters with other dental
CAD/CAM restorative materials, ceramics have by far the high-
est and PMMA-based composite materials the lowest values
[27]. The investigated PAEK materials of the present study
showed slightly better values than PMMA-based composite
materials.

In dentistry, it is very important to use long-term restora-
tive materials with a high clinical performance, as they are
always exposed to a humid environment and dynamic tem-
perature changes when taking food, liquids and breathing. For
this reason, thermocycling and autoclaving were used in the
present investigation, aiming to imitate artificial aging of the
specimens. Thermocycling is often used in in-vitro studies,
but there is no standardized protocol for number of cycles,
dwell time and temperatures [36]. For this study 10,000 cycles
were chosen, which corresponds to one year in-vivo situation,
and temperatures of 5-55 °C, which are closest to the clinical
situation. Autoclaving was performed at 134°C, 2bar and 5h,
which represents 15-20 years in-vivo situation [37].

Generally, temperature changes and thermal stresses lead
to contraction and expansion in solid materials [36]. However,
no cracks, fractures, voids and dimension changes could be
observed under the light microscope. Further examinations
using scanning electron microscopy are necessary to be able
to show morphological changes caused by the aging process
more precisely and to explain why the materials presented
lower Martens parameter after the hydrothermal aging.

The aging process in this investigation has shown that hor-
izontally printed ESS and VES, vertically printed ESS and KET,
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BHD, BHW, JUV and ULT were quite vulnerable to aging pro-
cesses, asillustrated by a decrease in Martens parameters. Due
to possible microcracks caused by thermal stresses, moisture
could be absorbed into the materials at the high temperature
of the autoclave, so the mechanics suffers [38]. Most interest-
ingly, the printable materials seemed to be more resistant to
hydrothermal influences than milled ones, which is illustrated
by alow 2. It can be speculated that the moisture absorption
capacity of PEEK filaments is lower than that of PEEK blanks,
but this cannot be verified due to a lack of information from
the manufacturers. In comparison to other materials such as
hybrid materials, nanohybrid composites and PMMA-based
materials, PEEK has the lowest water absorption [39].

For future research, thermodynamic and scanning electron

microscopy investigations of the PEEK filaments are required,
which can explain the different mechanical behaviour. In
addition, the used FLM printer and most of the PEEK filaments
have to be classified according to the Medical Devices Law in
order to be able to use printed components in dentistry and to
carry out in-vivo studies.

5.

Conclusions

Within the limitations of this in-vitro study, it can be summa-
rized that:

PEEK specimens printed via FLM showed lower Martens
parameters than milled ones, whereby printed ESS and
milled BHD showed the highest values within their groups,
independently of artificial aging.

The printing direction showed an influence on the Martens
parameters, whereas horizontally printed specimens had
higher values than the vertical ones.

PAEK compounds with TiO, resulted in higher Martens
parameters than unfilled materials.

The hydrothermal aging process showed a negative impact
on the Martens parameters especially for the milled spec-
imens; the printed specimens were more resistant to
hydrothermal stresses.

Additive manufacturing of PEEK for dental applications
seems promising, but still needs further investigation
to understand material and process influences better.
Filament material filled with TiO, as well as application-
oriented testing for specific use-cases should be looked at
more closely in future.
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Zusammenfassung

Ziel: In dieser Untersuchung wurden die Bruchlasten, die Bruchbilder und der Einfluss einer
Kausimulation von natiirlichen Zihnen untersucht, die mit unterschiedlich verarbeiteten
Restaurationsmaterialien versorgt waren. Es wurden 3D-gedruckte indirekte PEEK Inlays, gefréste
indirekte PEEK Inlays, direkte Komposit-Fiillungen und nicht restaurierte Zdhne miteinander

verglichen.

Material und Methode: Insgesamt wurden 112 Molaren mit standardisierten Klasse-I-Kavitaten auf

folgende Weise mit Restaurationen versorgt (n = 16/ Gruppe): 3D-gedruckte indirekte PEEK Inlays
mittels FLM Technologie aus den Materialien (1) ESS, (2) KET, (3) VES, (4) VIC; (5) gefriste
indirekte PEEK Inlays aus JUV und (6) direkte Komposit-Fiillungen aus Tetric EvoCeram (TET).
Nicht restaurierte Zahne (7) dienten als positive Kontrollgruppe. Die Hélfte der Molaren aus jeder
Gruppe (n = 8) wurde einer Kausimulation mit kombiniertem Thermolastwechsel ausgesetzt (1,2
Millionen x 50 N; 12.000 x 5 °C/ 55 °C). Anschliefend wurden die Bruchlasten und die Bruchbilder
von allen Zdhnen ermittelt. Die statistische Auswertung der gewonnenen Daten erfolgte mittels
Kolmogorov-Smirnov Test, zweifaktorieller Varianzanalyse mit partiellem Eta-Quadrat (1,%) und
anschliefendem post-hoc Scheffé Test sowie mittels Chi-Quadrat-Test (p<0,05). Aulerdem wurden

Weibull-Module m mit 95 % Konfidenzintervall berechnet.

Ergebnisse: ESS und TET zeigten die geringste Bruchlast von 956 N, wobei die nicht restaurierten
Zihne die hochsten Werte von bis zu 2.981 N aufwiesen. Die Kausimulation hatte dabei keinen
Einfluss (p=0,132). In Anbetracht der Weibull-Module prisentierte KET unter den Gruppen mit

Kausimulation einen geringeren Wert als JUV, wihrend TET unter den Gruppen ohne Kausimulation

20



die hochsten Werte lieferte. Alle indirekten Restaurationen zeigten Zahnfrakturen (75-100 %).
Demgegeniiber wiesen die direkten Komposit-Fiillungen Frakturen des Restaurationsmaterials

(87,5 %) und die gesunden Molaren zu 50 % komplette Zahnfrakturen sowie Hockerfrakturen auf.

Schlussfolgerung: Sowohl alle 3D-gedruckten und gefristen indirekten PEEK Inlays als auch die

direkten Komposit-Fiillungen hielten den zu erwartenden physiologischen und maximal auftretenden

Kaukréften stand.

Klinische Relevanz: Der 3D-Druck in der FLM Technologie von Inlays aus PEEK lieferte vielver-

sprechende Ergebnisse in Bezug auf die mechanischen Eigenschaften. Jedoch sind Verbesserungen
beziiglich der Druckgenauigkeit und der Asthetik erforderlich, um damit als ein alternatives Material

und Herstellungsverfahren in der Zahnmedizin erfolgreich zu sein.
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Abstract

Objective The objective of this in vitro study was to investigate fracture load, fracture types, and impact of chewing simulation of
human molars restored with 3D printed indirect polyetheretherketone (PEEK) inlays and compare these with milled indirect
PEEK inlays, direct resin composite fillings, and sound teeth.

Materials and methods A total of 112 molars with form congruent class I cavities were restored with (n = 16/group) 3D printed
indirect PEEK inlays via fused layer manufacturing (FLM): (1) Essentium PEEK (ESS), (2) KetaSpire PEEK MS-NT1 (KET),
(3) VESTAKEEP i4 G (VES), (4) VICTREX PEEK 450G (VIC), (5) milled indirect PEEK inlays JUVORA Dental Disc 2
(JUV), and (6) direct resin composite fillings out of Tetric EvoCeram (TET). Sound teeth (7) acted as positive control group. Half
of the specimens of each group (n = 8) were treated in a chewing simulator combined with thermal cycling (1.2 million x 50 N;
12,000 x 5 °C/55 °C). Fracture load and fracture types of all molars were determined. Statistical analyses using Kolmogorov-
Smirnov test and two-way ANOVA with partial eta squared ('qp2) followed by Schefté post hoc test, chi square test and Weibull
modulus m with 95% confidence interval were computed (p < 0.05).

Results ESS and TET demonstrated the lowest fracture load with a minimum of 956 N, whereas sound molars showed the
highest values of up to 2981 N. Chewing simulation indicated no impact (p =0.132). With regard to Weibull modulus, KET
presented a lower value after chewing simulation than JUV, whereas TET had the highest value without chewing simulation. All
indirect restorations revealed a tooth fracture (75-100%), direct resin composite fillings showed a restoration fracture (87.5%),
and 50% of the sound teeth fractured completely or had cusp fractures.

Conclusions All 3D printed and milled indirect PEEK inlays as well as the direct resin composite fillings presented a higher
fracture load than the expected physiological and maximum chewing forces.

Clinical relevance 3D printing of inlays out of PEEK via FLM provided promising results in mechanics, but improvements in
terms of precision and esthetics will be required to be practicable in vivo to represent an alternative dental material.

Keywords PEEK -3Dprinting - Additive manufacturing - Fused layer manufacturing (FLM) - Chewing simulation - Fracture load

Introduction more efficient and material-saving fabrication processes.

Already today, 3D printing has a wide range of applica-
Additive manufacturing (AM), also known as rapid tions, such as dental restorations, implants, surgical guides,
prototyping, includes the manufacturing by 3D printing  orthodontic devices, and physical models [1]. AM is also
and enables the development of new material classes with  applied successfully in dental research, education, and
training [2].

There are many advantages of 3D printing in dentistry,
which improve the daily work of a dentist or dental technician
and also the quality of patient life [3]. One of the biggest
advantages is that patient-individual parts can be developed
and produced with a minimum of time, amount of material,
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AM is used in a digital workflow since the 1980s and
consists of data acquisition (e.g., intraoral scan of patient
teeth), designing the desired object by a CAD (computer-
aided-design) software, dividing the object into many
layers by a slicing software, and finally computer-aided
manufacturing (CAM) with a 3D printing machine [5].
There are several different 3D printing techniques in den-
tistry such as stereolithography (SLA), selective laser
sintering (SLS), digital light processing (DLP), and fused
layer manufacturing (FLM) [4]. Since 2013, FLM is suit-
able for processing high-performance polymers from the
group of polyaryletherketone (PAEK) [6]. PAEKs are
semi-crystalline linear aromatic thermoplastics, whereby
the number of ether and ketone bindings provides different
variants, such as polyetherketoneketone (PEKK) and
polyetheretherketone (PEEK), which have slightly differ-
ent mechanical and thermal properties. In dentistry, PEEK
is most common since it has outstanding properties, such
as excellent biocompatibility, non-cytotoxical and bio-inert
behavior, favorable mechanical properties, radio translu-
cency, bone-like Young’s modulus of 3—4 GPa and low
plaque affinity and chemical stability [7]. Until now,
PEEK has been used in dentistry for removable and fixed
dental prostheses, implants, and implant abutments as well
as orthodontic devices [8], whereas in literature, it is most-
ly mentioned in relation to prosthetics [9]. PEEK was pre-
dominantly processed out of industrially pre-pressed pel-
lets or granular form and CAD/CAM-supported milled out
of prefabricated blanks. Producing dental restorations ad-
ditively via FLM out of PEEK is still hardly widespread.
With the FLM technique, the solid PEEK filament is
melted in a nozzle and placed layer by layer onto the build-
ing platform in a specific laydown pattern. Critical factors
are the required continuously high temperatures of over
350 °C, a special heat management of the nozzle, building
platform and chamber to avoid nozzle blockage or material
degradation and to achieve firm layer bonding as well as
low component warpage [10].

Most restorative procedures involve massive reductions of
tooth structure as the teeth have to be prepared. For example,
when preparing class II cavities for an indirect restoration,
more tooth structure is lost compared with preparations for
direct restorations, which results in a lower tooth fracture
strength [11]. Thus, occlusal preparations with a width of
one-third of the intercuspal distance weaken the strength of a
tooth by 60% [12]. However, indirect restorations offer some
advantages over direct ones, such as better proximal and oc-
clusal designs, higher wear resistance, superior mechanical
properties, and more precise marginal adaptation, resulting
in reduced microleakage [13].

Weibull statistics is particularly suitable in dental material
research to characterize the failure and reliability of brittle
materials such as ceramics and polymers [14]. The Weibull
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modulus m is a parameter for the dispersion of the strength
values and provides information about the structural homoge-
neity of one material [15].

Besides this parameter, fracture load and durability to ther-
mal stress are important factors that should be investigated
before applying a new dental material in order to achieve an
optimal clinical performance and a high long-term success.

Therefore, measuring fracture load and using a chewing
simulator are proven in vitro methods to simulate mechanical
properties of the material under masticatory movement and
force effectively [16].

The aim of this study was to investigate the impact of
chewing simulation combined with thermocycling on the frac-
ture load of different 3D printed class I inlay materials com-
pared with one milled PEEK material, one conventional direct
resin composite material, and sound teeth. The null hypothe-
ses tested were (1) the various restoration materials show no
differences in the fracture load and (2) the fatigue process of
chewing simulation has no impact on the fracture load of the
restored teeth.

Materials and methods

A total number of 112 human maxillary and mandibular ex-
tracted molars free of visible cracks, carious lesions, or restor-
ative materials were collected for this study, which were stored
in 0.5% chloramine T trihydrate (Carl Roth, Karlsruhe,
Germany, CAS-No: 7080-50-4; Lot-No: 285228116) at room
temperature (23 °C) for a maximum of 1 week after extraction
and then in distilled water at 5 °C. All teeth were thoroughly
cleaned, and their roots were embedded up to the cemento-
enamel junction (CEJ) in a self-cured acrylic resin
(ScandiQuick A and B, ScanDia, Hagen, Germany, Lot-No:
09201 and 09202) in round metal molds (Fig. 1a). Before
measurement, the embedded molars were stored in distilled
water at 37 °C in an incubator (HeraCell 150, Heraeus, Hanau,
Germany), which was changed every week. All molars were
randomly divided into seven groups (n = 16 teeth) with differ-
ent restoration materials (Table 1). Occlusal class I cavities
(vestibular-oral width of 3.0 mm, distal-mesial width of
6.5 mm, occlusal reduction of 4.0 mm, convergence angle of
6°) were prepared, except one group that served as an unpre-
pared and unrestored control group. The preparations were
made under permanent water cooling at 40,000 min~'/rpm
with a conical diamond bur (6848.314.031, Gebr. Brasseler,
Lemgo, Germany) in a high-speed handpiece (Perfecta 900,
W&H, Laufen, Germany), which was mounted in a dental
parallel surveyor (F4 basic, DeguDent GmbH, Hanau,
Germany). Care was taken to always prepare cavities of the
same size and depth, which was ensured with markings on
tooth and bur (Fig. 1a). The molars were subsequently re-
stored with indirect and direct restorations.
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Fig. 1 Workflow. a Preparation
of a class I cavity. b Designing an
inlay by CAD software. ¢ Printing
via FLM. d Adhesively inserted
inlay. e Chewing simulation. f
Fracture load measurement

For this purpose, the prepared teeth for the indirect resto-
rations were scanned with an optical 3D camera (CEREC
Omnicam, Dentsply Sirona, Bensheim, Germany), inlays
were designed by a CAD software (CEREC SW 4.6.1,
Dentsply Sirona), and files were created in STL format
(inLab CAD SW 18.1, Dentsply Sirona) (Fig. 1b). From each
printable PEEK material (Essentium PEEK (ESS), KetaSpire
PEEK MS-NT1 (KET), VESTAKEEP i4 G (VES), and
VICTREX PEEK 450G (VIC)) (Table 1), 16 inlays were ad-
ditively manufactured out of a filament (diameter 1.75 mm)

via FLM with the printer HTRD1.2 (KUMOVIS, Munich,
Germany) (Fig. 1c). Before manufacturing, the filament was
dried in an oven (Heraeus RT 360, Heraeus) at 120 °C for 12 h
in order to extract moisture and avoid artefacts such as air
inclusions [6]. For better comparability, all materials were
printed with the same parameters (Table 2). After the printing
process was finished, the inlays were immediately removed
from the building platform and cooled down at room temper-
ature. Thus, support structures had to be removed with milling
instruments (H73EF.104.014 and H136EF.104.016, Gebr.

Table 1 Summary of used materials, abbreviations, compositions, manufacturer, and lot numbers
Material Abbreviation Composition Manufacturer Lot no
3D printed Essentium PEEK ~ ESS Polyetheretherketon, unfilled Essentium Inc., Pflugerville, 1-80601
indirect PEEK USA
inlays KetaSpire® PEEK KET Polyetheretherketon, unfilled Solvay Specialty Polymers 1850009004
MS-NT1 USA, L.L.C., Alpharetta
GA, USA
VESTAKEEP® i4 VES Polyetheretherketon, unfilled Evonik Industries AG, “testing grade”
G (exp. Essen, Germany version
material)
VICTREX® VIC Polyetheretherketon, unfilled Victrex plc., Thornton 7082
PEEK 450G Cleveleys, UK
Milled indirect ~ JUVORA™ Juv Polyetheretherketon, unfilled JUVORA Ltd., Thomton WO000042IDML
PEEK inlays Dental Disc 2 Cleveleys, UK
Direct resin Tetric EvoCeram® TET BisGMA, UDMA, DMDMA, Bariumglass,  Ivoclar Vivadent GmbH, YO08778
composite YDbF;, mixed oxide, pre-polymerized fillers ~ Schaan, Liechtenstein
fillings
Control group Sound human - - - -

molars

BisGMA, bisphenol-A-diglycidyldimethacrylate; DMDMA, decamethylendimethacrylate; UDMA, urethane dimethacrylate; YbF ', ytterbiumtrifluorid
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Table 2  Printing parameters and technical specifications of HTRD1.2
Nozzle temperature 390 °C

Nozzle diameter 0.4 mm

Heated building chamber 100 °C

Cooling temperature 120 °C

Heated building platform 220 °C

Ventilation Heated laminar airflow
Layer height 0.15 mm

Extrusion width 0.30 mm

Printing speed 300 mm/min

Brasseler) in a handpiece (KaVo EWL K9, KaVo Dental,
Biberach/ Rif, Germany), the inlay had to be adapted individ-
ually to its cavity, and the occlusal surface had to be re-
contoured (Fig. 2). Such postprocessing also had to be per-
formed on the milled inlays made out of JUVORA Dental
Disc 2 (JUV) (Table 1). These were milled out of a disc with
a CAD/CAM milling machine (ZENOTEC 4030, Wieland
Dental + Technik, Pforzheim, Germany).

After all inlays had been adequately adapted, they were
adhesively inserted into the cavities. All inlays were air-
abraded with 50-um Al,O3; powder under 0.2 MPa for
10 s at a distance of 10 mm and in an angle of 45° (basic
Quattro IS; Renfert, Hilzingen, Germany), conditioned
with a thin film of visio.link (bredent, Senden,
Germany) and light-cured for 30 s (bre. Lux LED N,
bredent). The tooth-hard tissues were pre-treated using
total etch technique, in which the enamel was etched for
30 s and the dentin for 15 s with a 35% phosphoric acid
(H3POy4) (Total Etch, Ivoclar Vivadent, Schaan,
Liechtenstein). Thereafter, according to the manufac-
turer’s instructions, Syntac Primer (Ivoclar Vivadent)
was applied for at least 15 s, Syntac Adhesive (Ivoclar
Vivadent) for 10 s, and both were gently air-dried.
Subsequently, a thin layer of Heliobond (Ivoclar
Vivadent) was applied in all cavities and light-cured for
10 s (Elipar S10, 3M, Seefeld, Germany) only for the
direct composite fillings. The dual-curing Variolink
Esthetic (shade warm+, Ivoclar Vivadent) was used as
luting resin composite for the inlays, which was light-

Fig. 2 Postprocessing of the
printed inlays. a Removing of
support structure. b Adaptation to
the cavity. ¢ Occlusal re-
contouring
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cured occlusally for at least 20 s (Elipar S10, 3 M) after
the inlay was inserted. Finally, the bonded inlays were
polished to high gloss with goat hair brushes (bredent)
and polishing paste (Abraso Starglanz, bredent) for
1 min at 3000 min’l/rpm (KaVo EWL K9, KaVo
Dental) (Fig. 1d).

The direct restorations were performed with the
nanohybrid resin composite Tetric EvoCeram (TET) (shade
A3, Ivoclar Vivadent) (Table 1). The cavities were filled using
an incremental filling technique, where each layer (max.
2 mm) was light-cured for 20 s (Elipar S10, 3M). The
polishing was carried out with a two-step polishing system
(94028M.204.130 and 94028F.204.130, Gebr. Brasseler) for
1 min at 6000 min”'/tpm under permanent water cooling.

Eight teeth were selected from each of the seven groups.
They were mounted in a chewing simulator (CS-4.8, SD
Mechatronics, Feldkirchen-Westerham, Germany) for 1.2
million masticatory cycles with a frequency of 1.20 Hz
and force of 50 N (Fig. le). The chambers were filled
alternately for 12,000 cycles for 30 s each with 5 and
55 °C distilled water, so that in addition to mechanical
loading, thermal cycling also took place simultaneously.
Stainless steel balls out of chromium-nickel 1.4301 (diam-
eter: 4.5 mm; SD Mechatronics) were used as antagonists
and were aimed at a three-point occlusal contact. They
moved in vertical (1.0 mm) and lateral (0.7 mm) directions
as it occurs during physiological chewing. Subsequently,
each single tooth was examined under a light microscope
(Leica DM2700 M, Leica Microsystems GmbH, Wetzlar,
Germany) for fractures that might have occurred during
mechanical and thermal exposure. After this simulation,
fracture load measurements were performed in a universal
testing machine (Zwick 1445, ZwickRoell, Ulm,
Germany). The embedded tooth was fixed into the holding
device of the machine, and a tin foil (thickness 0.5 mm;
DENTAURUM, Ispringen, Germany, Lot-No: 469721)
was placed between the stamp and the tooth to ensure a
homogenous force distribution and to avoid local force
peaks (Fig. 1f). Then, an increasing load was applied per-
pendicularly to the central fossa with a stamp of hemi-
spherical shape (diameter 6 mm) until failure occurred
(crosshead speed 1 mm/min). Force values were recorded
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automatically in Newton (N) as soon as the maximum frac-
ture load decreased by 50% until an initial crack or total
fracture was detected (testXpert I V3.6, ZwickRoell). The
fracture types were classified as follows: tooth fracture (a),
cusp fracture (b), and restoration fracture (c) (Table 5).

All measured data were analyzed with the SPSS statistic
program (version 25.0.0.1, IBM, Armonk, NY, USA). The
assumption of normality was tested using Kolmogorov-
Smirnov test. Two-way ANOVA with partial eta squared
(npz) followed by Scheffé post hoc test was computed to ver-
ify the impact of chewing simulation on fracture load. Weibull
distribution parameter (Weibull modulus m) was calculated
using the maximum likelihood estimation method and 95%
confidence interval (95% CI) [17]. Chi square (chi®) test and
Ciba-Geigy tables were used to analyze the relative frequen-
cies of fracture types together with the corresponding 95%
confidence intervals (CI) [18]. In all analyses, the level of
significance was set to p < 0.05.

Results

The descriptive statistics is shown in Table 3. The
Kolmogorov-Smirnov test indicated no violation of normal
distribution, so data were analyzed parametrically.
According to two-way ANOVA, the restoration material
showed an influence on the fracture load (p < 0.001), whereas
chewing simulation had no impact (p =0.132) (Table 4).

ESS and TET showed the significant lowest fracture load
down to a minimum of 956 N (Fig. 3). VIC was together with
VES, KET, and JUV in the same value range. The sound
molars presented the highest fracture load values of up to
2981 N (p<0.001).

Table 3
process

The microscopic examinations showed that the chewing
simulation combined with thermal cycling did not cause any
fractures in all investigated teeth.

Regarding Weibull modulus, KET had a significantly low-
er value than JUV for the groups with performed chewing
simulation, whereas TET showed for the groups without
chewing simulation the significant highest Weibull modulus
(Table 3).

With respect to fracture types, differences between the
groups were observed (chi® test p < 0.001). All indirect resto-
rations and sound molars, regardless of the fatigue process,
showed a significantly higher tooth fracture rate (75-100%)
than TET (Table 5). All 3D printed inlays remained intact after
the fracture load test (100%). Only one milled inlay out of
JUV failed due to a restoration fracture (12.5%). TET showed
a significantly higher restoration fracture rate than all the other
groups (87.5%). With regard to cusp fractures, the untreated
molars presented the significantly highest relative frequencies
(50%).

Discussion

This study investigated the fracture load of 3D printed indirect
PEEK inlays in comparison with milled ones, conventionally
direct composite fillings, and sound human molars under the
influence of chewing simulation with combined thermal cy-
cling. In general, all tested indirect and direct restorations
demonstrated a higher fracture load compared with the expect-
ed physiological chewing forces of 110-125 N [19, 20] and
maximum bite forces in the molar region of up to 909 N [21,
22]. However, the first null hypothesis had to be rejected,
since the various materials indicated differences in fracture

Fracture load (mean + standard deviation) and Weibull modulus (95% confidence intervals) according to the restoration material and fatigue

Restoration material With chewing simulation

Without chewing simulation

Mean+SD (in N) 95% CI(in ~ Weibull modulus (95%  Mean+SD (in ~ 95% CI(in ~ Weibull modulus (95%
(@) Ch
Essentium PEEK 956 (+222) 769.1; 1151 4.2 (1.9; 8.6)*P 1062 (£300.4)  809.8; 1323 4.1 (1.8; 8.5)*®
KetaSpire PEEK 1715 (£571.3)"  1227;2202 2.7 (1.2;5.6)* 1681 (£416.8) 1323;2039 4.4 (2.0;9.2)*"
MS-NT1
VESTAKEEP i4 G 1712 (£325.0) %™ 1430; 1993 5.3 2.4; 11.0)*P 1633 (£431.0)*  1262;2003 3.8 (1.7; 7.9)*8
VICTREX PEEK 450G 1392 (+444.1)"  1010; 1773 3.4 (1.5; 7.0*B 1800 (+324.8)> 1518;2081 6.3 (2.9; 13.0*®
JUVORA Dental Disc 2 1984 (£291.9°  1730;2238 7.4 (3.4;15.3)° 1756 (£511.2)°  1318;2193 3.4 (1.5; 7.8
Tetric EvoCeram 1189 (£307.9)  930.8; 1456 3.7 (1.6; 7.6)*" 1277 (£ 181.6)" 1115, 1439 7.7 (3.2; 16.0)°
Sound human molars 2385 (£583.8)"  1886;2883 3.8 (1.7;8.0)"" 2081 (£706.9)*  2379;3581 4.3 (1.9; 8.9)*®

*Indicate deviation of the normal distribution

*d1ndicate significant differences between fracture load among all tested groups regardless of the fatigue process

“BIndicate significant differences between Weibull modulus among all tested groups within one fatigue process
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Table 4 Two-way ANOVA

2

results of fracture load according Sum of df Mean F P lp

to the restoration material and squares squares

chewing simulation
Restoration material 27,194,106 6 4,532,351 249 <0.001 0.604
Chewing simulation 419,245 1 419,245 230 0.132 0.023
Restoration material x chewing 1,980,256 6 330,043 1.81  0.104 0.100

simulation

Error 17,837,880 98 182,019
Total 363,620,932 112

load. ESS and TET showed the lowest fracture load of all
tested groups. Although ESS was processed like all the other
filaments as well as the inlays were inserted according to the
same procedure, the low fracture load might be explained by
the material composition, like lower filler degree or different
filler types for example. Unfortunately, this is difficult to state
due to a lack of information by the manufacturer. It might also
be possible that each filament needs individual printing pa-
rameters to achieve better mechanics. Since the printed com-
ponents have an anisotropic behavior, the printing direction
and thus the position of the support structure can decisively
influence the mechanical properties. In the present study, the
support structure was attached to the occlusal surface of the
inlay, whereby the printing direction was parallel to the direc-
tion of measurement of the fracture load, which is supposed to
lead to optimal mechanics [23].

TET also had the lowest fracture load, because direct com-
posite fillings placed in a cavity in several layers often exhibit
a degree of inhomogeneity in form of small voids, insuffi-
ciently polymerized parts, and polymerization shrinkage
stress, resulting in lower mechanics [24]. Also, because of a
higher polymer content than the semi-crystalline PEEK

4000
[Ewith chewing simulation
B without chewing simulation
o outliers

3000

2000

1000

0

materials, the water absorption is higher. This might explain
that the resin composite reacted sensitively to the water stor-
age and chewing simulation with thermal cycling [25].

The sound molars presented by far the highest fracture
load. Unfortunately, cavity preparations usually lead to an
extended loss of enamel and dentin. As a consequence, the
tooth loses considerable stability and becomes more vulnera-
ble to fractures. Mondelli et al. have found out that a class I
cavity reduces the strength of the tooth less than a class II
preparation with equal width, so marginal ridges provide a
tooth stability [26]. The buccolingual width is also an influen-
tial factor on flexural strength. In the present investigation, the
width was maximum one-third of the intercuspal distance.
However, even with this narrow occlusal cavity, the tooth is
already weakened compared with an uncavitated tooth [12].
The etiology of a tooth fracture is complex and multifactorial.
While intact teeth therefore rarely fracture under chewing
load, teeth weakened by preparation of cavities, caries, end-
odontic treatments, genetic disorders like amelo-/
dentinogenesis imperfecta or molar-incisor
hypomineralization (MIH) and periodontal lesions may spon-
taneously fracture under physiological mastication load, so

Essentium PEEK KetaSpire PEEK VESTAKEEP i4 G
Mg’—NTl

VICTREX PEEK
450G

Sound human
molars

JUVORA Dental Tetric EvoCeram
Disc 2

Fig. 3 Fracture load (in N) of all tested materials with and without chewing simulation presented in boxplot
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Table 5 Relative frequencies (95% confidence intervals) of the fracture types according to the restoration material and fatigue process
Restoration material Fatigue process Tooth fracture (%) Cusp fracture (%) Restoration fracture (%)
Essentium PEEK ‘With chewing 100 (62; 100)° 0(0;37)" 0(0;37)"
simulation
‘Without chewing 87.5 (46; 100)° 12.5(0;53)" 0(0;37)"
simulation

KetaSpire PEEK MS-NT1 ‘With chewing 100 (62; 100)° 0(0;37)" 0(0;37)"
simulation
‘Without chewing 100 (62; 100)° 0(0;37)" 0(0;37)"
simulation

VESTAKEEP 4 G ‘With chewing 87.5 (46; 100)° 12.5(0;53)" 0(0:37)"
simulation
‘Without chewing 100 (62; 100)° 0(0;37)" 0(0;37)"
simulation

VICTREX PEEK 450G With chewing 100 (62; 100)° 0(0;37)* 0(0;37)"
simulation
Without chewing 100 (62; 100)° 0(0;37)" 0(0:37)°
simulation

JUVORA Dental Disc 2 With chewing 100 (62; 100)° 0(0;37)" 0(0:37)°
simulation
Without chewing 75(33;97)" 12.5(0;53) 12.5(0;53)
simulation

Tetric EvoCeram ‘With chewing 0(0:37)° 12,5(0;53) 87,5 (46; 100)°
simulation
Without chewing 12,5 (0;53)" 0(0;37)* 87.5 (46: 100)°
simulation

Sound human molars ‘With chewing 50 (14; 85)" 50 (14; 85)° 0(0;37)"
simulation
‘Without chewing 87.5 (46; 100)° 12.5(0;53)" 0(0;37)"
simulation

% Indicate significant differences between relative frequencies among all tested groups within one fracture type

that far lower forces are sufficient for failure of the tooth to
occur [27]. Consequently, a major restoration or a root canal
therapy is indicated or even in the worst case, the affected
tooth must be extracted. Also, occlusal overloading due to
bruxism, accidental trauma, adverse cusp-fossa relationship,
inadequate restoration planning, manufacturing defects, or
material fatigue can cause a fracture [28].

To be able to predict and prevent material failure, Weibull
statistics is a convenient tool in dentistry for comparing the
flaw size distribution as well as flexural strength of different
specimen sizes, stress configurations, and testing conditions
[14]. The Weibull modulus m indicates the spread of the dis-
tribution, so the higher the value, the smaller the dispersion
and better the structural reliability of the material. In this study,
for the groups with performed chewing simulation, the 3D
printed material KET showed the lowest Weibull modulus,
whereas the milled material JUV had the highest one. This
could be explained by a manufacturing process of JUV under

28

controlled industrial conditions that provides a homogeneous
structure and high reliability. It is unclear why KET presented
such a low Weibull modulus and thus the lowest reliability and
fatigue resistance. This might be explained by a high water
absorption during water storage in the incubator or chewing
simulator. Unfortunately, again, data about the water absorp-
tion capacity, for example, by the manufacturer is missing.

TET showed the highest m value for the groups without
chewing simulation, which is remarkable, as it is a direct fill-
ing material, which, due to the incremental application, al-
ways shows minimal inhomogeneities, and therefore, a low
m value could be expected. Apparently, it was processed ho-
mogeneously in this investigation.

In terms of fracture types, all indirect restorations as well as
sound molars showed tooth fractures, indicating a strong co-
herent connection within the restoration material respectively
hard tooth tissue. The single layers of the 3D printed inlays
seemed to be solidly fused due to the high melting

@ Springer
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temperatures. The high forces applied during the test were
instantly transmitted to the tooth, resulting in a fracture. As
PEEK has a lower Young’s modulus than dentin (13 GPa,
[29]) and enamel (72.7-87.5 GPa, [30]), tensile stress is con-
centrated and transmitted to the tooth under axial compressive
stress, which leads to fracture [31]. Although TET also has a
lower Young’s modulus than the tooth structure, the fillings
fractured during the measurements. One explanation might be
that a fracture can spread more easily between the single po-
lymerized parts due to unavoidable minimal inhomogeneities
[32].

The teeth of this study fractured completely as well as cusp
fractures occurred, which is rather explained by the irregular
anatomical shapes of the used molars. Each natural tooth is
individual with regard to the configuration of the occlusal
surface, the size of the cusps, level of calcification, and loca-
tion of the pulp chamber, which all have a decisive influence
on the fracture type and fracture load, also represented by a
high standard deviation in this investigation. Sheen et al. ob-
served a higher fracture load for teeth of young men and no
significant differences between mandibular and maxillary
teeth [33]. In future studies, teeth of almost the same size,
gender, and age range should be selected for enhanced
comparability.

As the results presented, there were no major differences in
fracture load values between printed and milled inlays.
However, the printed inlays required an intensive
postprocessing care. After removing the support structures,
the final occlusal surface differed from the designed one and
had to be re-contoured. The basal surface and the sides of the
inlay had to be adapted in quite an intensive manner for being
able to insert it into the cavity. As a result, a quite large cement
gap was mostly created, which is susceptible to microleakage
in vivo [34]. On the other hand, it was found that the fracture
load is not affected by the thickness of the cement gap and
internal fit, only by the quality of the margin [35]. Apart from
the good mechanical properties, the poor esthetics of the
PEEK inlays has to be criticized with regard to a brownish-
gray color. In order to achieve a tooth-colored translucent
appearance, veneering is necessary, whereas a digital veneer-
ing method presented the highest fracture load [36].

The fact that the fracture load values exceeded the
chewing forces can also be explained by the materials used
for adhesive luting in this study. Thus airborne particle
abrasion increases the surface area, which enables better
penetration of the adhesive and ensures a solid micro-
retentive bonding [37]. Due to the fact that visio.link is
MMA (methyl methacrylate)-based and contains PETIA
(pentaerythritol triacrylate), it has superior properties com-
pared with other adhesive systems for PEEK [38]. The
application of Syntac with Variolink is also a proven com-
bination for adhesive luting of indirect restorations, which
have achieved excellent results [39].
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Fatigue resistance of dental materials is a very important
factor when selecting a suitable material for a restoration,
which was examined in the present study by chewing simula-
tion. In order to increase the clinical relevance, chewing sim-
ulation with combined thermal cycling was used as an aging
process in order to carry out a simultaneous mechanical and
thermal stress test of the restored teeth. The 1.2 million
chewing cycles applied correspond to 5 years of clinical prac-
tice and offer sufficient clinical relevance with regard to the
survival rate of dental restorations [16]. Surprisingly, this fa-
tigue process had no impact on the fracture load of the tested
molars, so all materials revealed sufficient chewing resistance
and the second null hypothesis had to be accepted. However,
the teeth were only loaded with 50 N during the simulation,
whereby physiologically higher chewing forces should rather
be used. To develop a chewing simulator with a stable func-
tion using such high weights is quite a challenge. Teeth are
constantly in contact with salvia in the oral environment,
which was not practiced in this study. Storage and chewing
simulation with physiological saliva could have yielded even
better values [40].

Compared with other indirect materials, inlays out of
yttrium-stabilized zirconia ceramic showed comparable frac-
ture resistance to intact teeth of up to 1646 N due to the high
compressive strength and transformation toughening of this
ceramic [41]. Inlays made out of resin composite and lithium
disilicate glass ceramic revealed lower values than intact teeth,
whereas composite ones had the lowest fracture strength due
to a minor Young’s modulus of elasticity and rigidity [31].

The present investigation demonstrated the first steps to-
wards AM of dental restorations out of PEEK via FLM and
has shown promising results regarding mechanics and
chewing resistance. Therefore, a huge potential in future ap-
plications can be expected. However, technical improvements
on the printer side with regard to accuracy, detailed informa-
tion about the filament composition to explain and predict the
mechanical behavior, and in vivo clinical studies are
mandatory.

Conclusion

Within the limitations of this investigation, the following con-
clusions can be made:

All 3D printed and milled indirect PEEK inlays as well as
the direct resin composite fillings showed a higher fracture
load than the expected physiological and maximum
chewing forces in the molar region, whereas sound molars
demonstrated the highest fracture load of up to 2981 N.
Chewing simulation with combined thermal cycling had
no impact on the fracture load of the tested specimens.
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* A quite extensive post-processing had to be executed es-
pecially for the printed inlays.

* Al 3D printed PEEK indirect inlays stayed intact after the
fracture load test.
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4. Diskussion

In diesem Abschnitt werden die eingangs erwidhnten Untersuchungen konkret diskutiert.

4.1 Vergleich der Martensparameter von 3D-gedruckten und gefristen PAEK

Materialien in Bezug auf Druckrichtung und kiinstlicher Alterung

Anhand dieser Untersuchung konnte festgestellt werden, dass es Unterschiede in den Martens-
parametern zwischen 3D-gedruckten und gefrdsten PAEK Materialien gab. Insbesondere zeigten die
Druckrichtung sowie die kiinstliche Alterung einen erheblichen Einfluss auf die mechanischen
Eigenschaften. Die Methode der Martenshirte Messung ist hervorragend dafiir geeignet, um die
elastische und plastische Verformung von polymerbasierten Materialien wie PAEK zu ermitteln.
AuBlerdem konnen mit diesem Verfahren die Auswirkungen morphologischer Oberflachen-
verdnderungen auf die mechanischen Figenschaften durch Alterungsprozesse effizient bestimmt

werden [36].

Es besteht ein enger Zusammenhang zwischen HM und Hir, da sie sich nur in der Definition der
Oberflache und der Eindringtiefe unterscheiden [37]. Hir betrachtet das plastische Materialverhalten,
wihrend Eir fiir die elastische Leistung vergleichbar zum E-Modul steht [33].

In der durchgefiihrten Untersuchung wurden zunéchst in Form von Vorversuchen Priifkdrper mit
unterschiedlicher Druckgeschwindigkeit, Schichthdhe und Extrusionsbreite hergestellt, um addquate
Druckparameter fiir die Priifkorper der eigentlichen Untersuchung ausfindig zu machen.

Dabei hatte sich beziiglich der Druckgeschwindigkeit herausgestellt, dass Geschwindigkeiten von
900 mm/min und 1.200 mm/min bezliglich HM und Eir vergleichbare Werte zeigten, sodass
aufgrund einer subjektiv hdheren Prizision die Druckgeschwindigkeit auf 900 mm/min eingestellt
wurde. Die Einstellung der Schichthdhe betrug 0,2 mm, da hierbei ein guter Kompromiss zwischen
Prizision und Druckdauer gefunden wurde, nachdem die verschiedenen Schichthéhen keinen Ein-

fluss auf die Martensparameter hatten. Die Extrusionsbreite wurde auf 0,4 mm justiert, da dies der
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GroBe der Druckdiise genau entsprach. Dadurch mussten die gedruckten Bahnen nicht kiinstlich

verbreitert oder verschmilert werden.

Es soll besonders hervorgehoben werden, dass die gefristen Priifkérper hhere Martensparameter
aufwiesen als die gedruckten Varianten. Dieses Ergebnis kann durch die standardisierten
industriellen Herstellungsbedingungen unter einem kontrollierten Kristallisationsprozess des
thermoplastischen Materials erklért werden. Bei den gedruckten Priiftkdrpern wurde das PEEK-
Filament im Druckkopf geschmolzen und unterlag nach dem Druckvorgang einer mehr oder weniger

kontrollierten Kristallisation, die von vielen Faktoren beeinflusst werden kann.

Ein bedeutender Faktor ist der Umgang mit den Temperaturen und das Verfahren der Abkiihlung. In
der durchgefiihrten Untersuchung wurden die gedruckten Priifkorper unmittelbar nach dem
Druckvorgang von der Bauplattform des Druckers entnommen und anschlieBend langsam bei
Raumtemperatur abgekiihlt. Hierbei stellt sich die Frage, welche Auswirkungen auf die
mechanischen Eigenschaften zu erwarten gewesen wiren, wenn das Bauteil nach dem Druckvorgang
noch eine Zeit lang im beheizten Bauraum belassen oder unvermittelt abgekiihlt werden wiirde. Da
PAEK Werkstoffe einen geringen Kristallisationsgrad aufweisen, sind ihre mechanischen
Eigenschaften von der Kristallinitdt abhéngig [38]. Es wére zu erwarten, dass Bauteile mit einer
Wiérmenachbehandlung ein besseres mechanisches Verhalten aufweisen, da das Material nach dem
Druckprozess noch weiter kristallisieren und somit eine Kaltkristallisation verhindert werden kann
[32]. Andererseits wiirde eine zu schnelle Abkiihlung einen geringeren Kristallisationsgrad hervor-
rufen und es konnten aufgrund der starken Temperaturverdnderung Risse im Bauteil entstehen [39].
Valentan et al. [7] beobachteten allerdings eine abnehmende Zugfestigkeit, wenn das Bauteil nach
dem Druckvorgang fiir weitere 12 Stunden im noch beheizten Bauraum belassen wird. Folglich sollte
dieses unverziiglich nach Beendigung des Druckprozesses aus dem Drucker entnommen werden, um

die besten mechanischen Eigenschaften zu erreichen und zu erhalten.

Eine weitere Ursache fiir die geringen Martensparameter der gedruckten Priitkorper konnten die

vielen Artefakte wie Lufteinschliisse und Hohlrdume sein, die das Bauteil mechanisch schwéchen.
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Diese sind ein Hinweis auf einen erhohten Wassergehalt im Filament, da das Material wihrend des
langen Druckvorgangs Feuchtigkeit aus der Umgebungsluft aufgenommen hat [7]. Daher wire ein
Drucker mit einer vor Feuchtigkeit geschiitzten Kammer fiir die Filamentspule erforderlich, um den
vorgetrockneten Zustand aus dem Trocknungsofen wéhrend des Druckvorgangs gewiéhrleisten zu

konnen.

Beim Vergleich der verschiedenen Materialien zeigte ESS unabhéngig von der kiinstlichen Alterung
und der Druckrichtung die hochsten Martensparameter, wihrend VIC die geringsten Werte hervor-
brachte. Eine passende Erklarung hierfiir zu finden, gestaltet sich kompliziert, da die Hersteller kaum
technische Informationen iiber ihre Werkstoffe bereitstellen, bis auf die Tatsache, dass beide
Materialien keine Fiillstoffe enthalten. VIC wurde grundsitzlich fiir den traditionellen Spritzguss
entwickelt und optimiert. Aus experimenteller Erfahrung, die wéhrend oben genannter Vorversuche
gewonnen wurde, konnte ein schwicherer Verbund zwischen den iibereinandergelegten Schichten
festgestellt werden. Daraus lassen sich die geringen Martensparameter der vertikal gedruckten Priif-

korper aus VIC schlussfolgern.

Grundsitzlich erzielten unabhéngig vom verwendeten Material und der kiinstlichen Alterung in hori-
zontaler Richtung gedruckte Priifkorper hohere Martensparameter als die in vertikaler Richtung. Dies
ist dadurch zu erkléren, dass bei letzteren die Richtung der Eindringpyramide wihrend der Messung
parallel zu den gedruckten Schichten erfolgte und somit zufdllig exakt im Spalt zwischen zwei
Schichten gemessen wurde. Folglich wurden geringe Zugspannungen erzeugt, die zu einer mini-
malen Abspaltung der Schichten fiihrten [40].

Bei den horizontal gedruckten Priifkdrpern intrudierte die Pyramide senkrecht zu den Schichten.
Dadurch wurde aufgrund der kleinen Gréfe der Pyramide und der geringen Eindringtiefe nur
innerhalb einer Schicht gemessen und Zugspannungen traten nicht auf. Aulerdem ist der kohésive
Verbund innerhalb der gleichen Schicht hoher als der adhdsive zwischen {ibereinandergelegten
Schichten [41]. Diese Erkenntnis wird durch die Untersuchungen von Rinaldi et al. [32] in
Zugversuchen ebenfalls bestitigt, dass in horizontaler Richtung gedruckte Priifkorper bessere mech-

anische Eigenschaften aufwiesen als in vertikaler Richtung.
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Die Lasteindringkurven der gedruckten Priifkdrper imponierten mit stark voneinander abweichenden
Kurvenverldufen, was ein Zeichen fiir unterschiedliche Eindringarbeiten und Martensparameter
zwischen den einzelnen Priifkérpern innerhalb desselben Materials darstellt.

Obwohl fiir jeden Druckprozess exakt die gleichen Druckparameter eingestellt wurden, konnten
trotzdem jeweils minimal andere Umgebungsbedingungen vorgelegen haben, wie beispielsweise
durch eine abweichende Raumtemperatur und Luftfeuchtigkeit, eine manuell eingestellte Z-Hohe
des Druckkopfes wie auch ein manchmal erforderlicher Austausch der Druckdiise oder Glasplatte
der Bauplattform. Um die unterschiedlichen PEEK-Filamente allerdings addquat miteinander ver-
gleichen zu konnen, wurde jedes Material mit den gleichen Druckparamatern verarbeitet.
Moglicherweise wire es angebracht fiir jedes Material ausfiihrlich individuelle Paramater zu er-
mitteln, um die bestmdglichen Druckbedingungen und héchsten mechanischen Eigenschaften zu

generieren.

Unter den gefristen Priifkorpern zeigte BHD, das mit 30 % Titandioxid (TiO,) gefiillt ist, unabhéngig
von der kiinstlichen Alterung die hdchsten Martensparameter. Durch den Zusatz von Fiillstoffen, wie
TiO,, Aluminiumoxid (AL,O3), Siliziumdioxid (Si0O,) oder Carbonfasern, konnen PAEK Werkstoffe
verstirkt werden. Dies fithrt zu hoheren mechanischen Eigenschaften, aber zu schlechteren
dsthetischen Ergebnissen. Nicht jede beliebige Zusammensetzung kann daher fiir dsthetische
Restaurationen eingesetzt werden [42, 43]. Aufgrund eines verringerten Fiillstoffgehalts bei DEN
und BHW mit nur 20 % TiO, zeigten sich geringere Martensparameter, wahrenddessen ULT die
geringsten Werte aufwies. Dies kann dadurch erklart werden, dass ULT keine Fiillstoffe enthilt.
Allerdings lagen keine weiteren Informationen iiber die genaue chemische Zusammensetzung und

technische Eigenschaften offiziell vor.

Beim Vergleich mit anderen CAD/CAM-Restaurationsmaterialien, zeigten Keramiken mit Abstand
die hochsten Martensparameter und PMMA-basierte Kunststoffe die geringsten Werte [35]. Die
PAEK Werkstoffe der vorliegenden Untersuchung wiesen geringfiigig hohere Werte auf, als die

PMMA -basierten Kunststoffe.
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In der Zahnmedizin ist es sehr wichtig, Restaurationsmaterialien mit einer hohen klinischen
Leistungsfahigkeit einzusetzen, da diese bei der Fliissigkeits- und Nahrungsaufnahme sowie beim
Atmen stindig einer feuchten Umgebung mit dynamischen Temperaturschwankungen ausgesetzt
sind. Um diese klinische Situation unter Laborbedingungen entsprechend simulieren zu konnen,
wurden flir eine kiinstliche Alterung das Temperaturwechselbad und die Dampfsterilisation
verwendet. Obwohl das Temperaturwechselbad héufig in In-vitro-Studien verwendet wird, existiert
bislang kein einheitliches Versuchsprotokoll in Bezug auf Zyklenzahl, Verweildauer in den
Wasserbecken und Temperaturen [44]. Bei der vorliegenden Untersuchung wurden 10.000 Zyklen
eingestellt. Dies soll in etwa einem Jahr klinischen Einsatz entsprechen. Weiterhin wurden
Temperaturen von 5 °C und 55 °C verwendet, da diese der physiologischen Situation am ehesten
entsprechen. Die Dampfsterilisation wurde fiinf Stunden lang bei 134 °C und 2 bar Druck
durchgefiihrt. Dies soll 15 bis 20 Jahren klinischem Einsatz gleichkommen und damit {iber eine hohe
Aussagekraft verfligen [45].

Im Allgemeinen fithren thermische Belastungen in festen Werkstoffen durch Temperatur-
schwankungen zu Expansionen und Kontraktionen [44]. Allerdings konnten bei den untersuchten
Priifkoérpern unter dem Lichtmikroskop keine entstandenen Fehlstellen wie Locher und Risse oder
Formverdnderungen beobachtet werden. Ferner sind Begutachtungen unter einem Raster-
elektronenmikroskop erforderlich, um die morphologischen Verdnderungen durch eine kiinstliche
Alterung préziser darstellen und dadurch die geringeren Martensparameter nach der Alterung

moglicherweise erkldren zu kdnnen.

Die Alterungsprozesse in der vorliegenden Studie haben ergeben, dass horizontal gedrucktes ESS
und VES, vertikal gedrucktes ESS und KET, sowie gefrastes BHD, BHW, JUV und ULT besonders
anfallig gegentiiber der kiinstlichen Alterung waren. Die thermische Belastung konnte zu Mikrorissen
gefiihrt haben, wodurch Wasser wéhrend der Dampfsterilisation in die Risse eindringen konnte,
sodass dadurch die Martensparameter abnahmen [46]. Bemerkenswerterweise waren die gedruckten
Priifkérper widerstandsfahiger gegeniiber den hydrothermalen Einfliissen als die gefristen Priif-
korper. Diese Beobachtung kann durch eine geringere Wasseraufnahmekapazitit der PEEK-

Filamente gegeniiber den PAEK Ronden erklért werden. Leider liegen auch hieriiber vonseiten der
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Hersteller keinerlei Informationen vor. Im Vergleich zu anderen Materialien wie Verbundwerkstoffe,
Komposite und PMMA-basierte Materialien, weist PEEK jedoch die geringste Wasserauf-

nahmekapazitit auf [47].

Zukiinftige Forschung erfordert thermodynamische und rasterelektronenmikroskopische Unter-
suchungen der PEEK-Filamente, um das unterschiedliche mechanische Verhalten fundiert erklaren
zu koénnen. Dariliber hinaus miissen die verwendete FLM-Druckereinheit und die meisten PEEK-
Filamente noch in Bezug auf das Medizinproduktegesetz eingestuft werden, damit in vivo Studien
durchgefiihrt und ein klinischer Einsatz von 3D-gedruckten PEEK Restaurationen ermdglicht

werden konnen.
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4.2 Bruchlast von 3D-gedruckten PEEK Inlays im Vergleich zu gefriasten PEEK

Inlays, direkten Komposit-Fiillungen und nicht restaurierten Zihnen

Diese Untersuchung verglich die Bruchlast von 3D-gedruckten indirekten PEEK Inlays im Vergleich
zu gefristen indirekten PEEK Inlays, konventionellen direkten Komposit-Fiillungen und gesunden,
nicht restaurierten Zéhnen unter dem Einfluss einer Kausimulation mit kombiniertem Thermolast-

wechsel.

Im Allgemeinen wiesen alle indirekten und direkten Restaurationen eine hohere Bruchlast als die zu
erwartenden physiologischen Kaukréfte von 110-125 N [59, 60] und maximalen Kaukrifte von bis
zu 909 N [61, 62] in der Seitenzahnregion auf. Allerdings zeigten die verschiedenen Materialien
Unterschiede in der Bruchlast, wobei ESS zusammen mit TET die geringsten Bruchlasten aufwiesen.
Obwohl ESS mit den gleichen Druckparametern wie die anderen PEEK-Filamente verarbeitet wurde
und die Inlays nach dem gleichen Verfahren eingesetzt worden sind, konnte die niedrige Bruchlast
mit der Materialzusammensetzung wie ein niedrigerer Fiillgehalt oder andere Fiillkorperarten
zusammenhéngen. Dies kann jedoch aufgrund fehlender Herstellerinformationen nicht genau
evaluiert werden. Auflerdem miissten fiir jedes Filament individuelle Druckparameter umfassend
ermittelt werden, um die besten mechanischen Eigenschaften zu erzielen.

Aufgrund des anisotropen Verhaltens der gedruckten Bauteile, kdnnte die Druckrichtung und damit
die Positionierung der Stiitzstrukturen ebenfalls eine entscheidende Rolle gespielt haben. In der
vorliegenden Untersuchung wurde die Stiitzstruktur an der okklusalen Flidche des Inlays angebracht,
wodurch die Druckrichtung parallel zur spiteren Messrichtung der Bruchlast war. Dies fiihrte zu

einer hohen mechanischen Leistung [32].

TET zeigte ebenfalls die geringste Bruchlast, da direkte Komposit-Fiillungen in mehreren Schichten
in die Kavitét eingebracht werden, wodurch oft kaum vermeidbare Inhomogenitéten in Form von
kleinen Lufteinschliissen, unzureichend polymerisierten Anteilen und der Effekt der Polymeri-

sationsschrumpfung auftreten. Dies fiihrte zu schlechteren mechanischen Eigenschaften [63].
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Des Weiteren verfligen Komposite {iber einen hoheren Polymergehalt als die semikristallinen PEEK
Werkstoffe, sodass diese anfillig gegeniiber einer Wasserlagerung und der Kausimulation mit

Thermolastwechsel waren [47].

Die gesunden, nicht restaurierten Molaren présentierten mit Abstand die hochste Bruchlast, weil
jegliche Zahnpréparation zu einem massiven Verlust von Schmelz und Dentin fiihrt, wodurch der
Zahn an Stabilitét verliert und somit anfélliger fiir Frakturen wird. Mondelli et al. [64] fanden heraus,
dass eine Klasse-I-Kavitét bei gleicher Breite die Festigkeit eines Zahns weitaus weniger gefdhrdet
als eine Klasse-11-Kavitit, da die Randleisten einem Zahn Stabilitit verleihen. Ein weiterer einfluss-
reicher Faktor ist die bucco-linguale Dimensionierung der Kavitation, die in der vorliegenden Studie
ein Drittel der Interkuspaldistanz betrug. Dies ist allerdings ausreichend, um den Zahn nachhaltig zu

schwichen [55].

Die Atiologie einer Zahnfraktur ist komplex und kann multifaktorielle Ursachen haben. Nachdem
gesunde Zihne nur selten unter physiologischer Kaubelastung frakturieren, konnen geschwéchte
Zihne, beispielsweise durch die Préparation von Kavititen, Karies, endodontischen Behandlungen,
Mineralisationsstorungen wie Amelo-/ Dentinogenesis imperfecta oder Molaren-Inzisiven-Hypo-
mineralisation (MIH) sowie parodontale Lésionen, bereits bei einer geringeren Belastung zu Bruch
gehen [65]. Folglich kann anschlieBend eine umfangreiche Restauration, eine Wurzelkanal-
behandlung oder sogar die Extraktion des betroffenen Zahnes bevorstehen. Des Weiteren kdnnen
okklusale Uberbelastungen durch Bruxismus, Zahntraumata, ungiinstige Hdcker-Fossa-
Verzahnungen, fehlerhafte Restaurationsplanungen, sowie Produktionsfehler und Materialversagen
zu Frakturen fiithren [66].

Zur Vermeidung von Letzterem kann in der dentalen Werkstoffkundeforschung durch die Weibull
Statistik die strukturelle Zuverlédssigkeit und die FehlergroBenverteilung eines Werkstoffs zu-
verléssig beschrieben werden. Der Weibull-Modul gibt die Breite der Verteilung an, sodass ein
groBerer Wert flir eine geringe Streuung und somit fiir eine hohere strukturelle Zuverléssigkeit des

Werkstoffs steht [12].
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In der durchgefiihrten Untersuchung zeigte innerhalb der Gruppen mit ausgefiihrter Kausimulation
gedrucktes KET den geringsten Weibull-Modul, wéahrend gefréstes JUV die hochsten Werte lieferte.
Dies kann am Herstellungsprozess von JUV liegen, da dieses unter standardisierten industriellen
Bedingungen gefertigt wurde, wodurch eine homogene Struktur und somit eine hohe Zuverlissigkeit
gewihrleistet werden kann.

Der geringe Weibull-Modul sowie die geringe Kaubestandigkeit von KET konnten an einer hohen
Wasseraufnahme wiahrend der Wasserlagerung im Inkubator oder Kausimulator gelegen haben.
Leider liegen auch hierbei vonseiten der Hersteller keinerlei Informationen, beispielsweise iiber die
Wasseraufnahmekapazitéit der PEEK-Filamente vor, die eine schliissige Erklarung liefern konnten.
TET préasentierte innerhalb der Gruppen ohne Kausimulation die hochsten Weibull-Module, was
bemerkenswert ist, da direkte Komposit-Fiillungen hdufig minimale Inhomogenitéten aufweisen und
somit geringere Werte zu erwarten wéren. Eine Erklarungsmoglichkeit besteht darin, dass es in der
durchgefiihrten Untersuchung duferst homogen in die Kavitét eingebracht und adéquat polymerisiert

wurde.

In Bezug auf die Bruchbilder zeigten sowohl alle indirekten Restaurationen als auch die gesunden
Molaren komplette Zahnfrakturen, was auf einen starken kohésiven Verbund innerhalb des Materials
respektive Zahnhartsubstanz hindeutete. Die {ibereinandergelegten Schichten der 3D-gedruckten
Inlays wurden mithilfe der hohen Schmelztemperatur fest miteinander verbunden. Da PEEK mit 3-
4 GPa [10] tber ein geringeres E-Modul als Dentin (13 GPa, [67]) und Schmelz (72,7-87,5 GPa,
[68]) verfiigt, werden hohe axiale Druckbelastungen konzentriert und direkt auf die Zahnstruktur
weitergeleitet, was zu einer Fraktur fithren kann [69]. Obwohl TET ebenfalls ein geringeres E-Modul
als die Zahnhartsubstanz besitzt, sind die Fiillungen wahrend der Messungen frakturiert. Dies kdnnte
daran gelegen haben, dass sich aufgrund von oben genannten minimalen Inhomogenitéten ein Riss
zwischen den einzeln polymerisierten Schichten leichter ausbreiten kann als bei monolithischen
Restaurationen [70].

Die nicht restaurierten Zéhne zeigten komplette Zahn- und Hockerfrakturen, was durch die
unregelméBige anatomische Morphologie erklart werden kann. Jeder natiirliche Zahn ist individuell

in Bezug auf seine Kauflache, die GroBe der Hocker, den Grad an Kalzifikation sowie der Lokation
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der Pulpakammer. Diese Faktoren konnen einen entscheidenden Einfluss auf die Bruchbilder und
die Bruchlast ausiiben. Sheen et al. [71] beobachteten eine hohere Bruchlast an Zdhnen, die von
jungen Ménnern stammten, und keine bedeutenden Unterschiede zwischen Ober- und Unterkiefer-
zdhnen. In zukiinftigen Studien sollten daher Z&hne mit dhnlicher Grée vom gleichen Geschlecht

und Altersbereich fiir eine bessere Vergleichbarkeit verwendet werden.

Wie die Ergebnisse zeigten, waren in Bezug auf die Bruchlast zwischen den gedruckten und den
gefrésten Inlays keine wesentlichen Unterschiede festzustellen. Allerdings war bei den gedruckten
Inlays ein &uBerst umfangreiches Postprocessing erforderlich, bei dem zunichst die Stiitzstruktur
entfernt werden musste. Anschlieend musste das Inlay seitlich und basal an die jeweilige Kavitét
angepasst und die Kaufldche nachkonturiert werden, da das gedruckte Inlay von dem digital
gestalteten teilweise deutlich abwich. Als Folge entstand dadurch héufig ein relativ grofer
marginaler Randspalt, der dadurch in vivo duBerst anfallig gegeniiber Mikroleakage gewesen wire
[72]. Allerdings ist bekannt, dass die Bruchlast nicht durch die interne Passung der Restauration
sowie Breite des Randspalts beeintrachtigt wird, sondern von der Qualitit des Randschlusses [73].

Abgesehen von den hohen mechanischen Eigenschaften der untersuchten Inlays, muss die schlechte
Asthetik von PEEK aufgrund dem briunlich-grauen opakem Farbton bemingelt werden, weshalb fiir
ein zahnfarbenes transluzentes Erscheinungsbild einer Restauration aus PEEK im sichtbaren Bereich
eine Verblendung erforderlich ist. Dabei ergab eine digitale Verblendungstechnik die hochste Bruch-

last [74].

Die Tatsache, dass die Bruchlastwerte der durchgefiihrten Studie oberhalb der maximal auftretenden
Kaukrifte lagen, kann durchaus durch die Vorbehandlung und Konditionierung der PEEK Inlays
respektive Zahnhartsubstanz sowie durch die Befestigungsmaterialien erkldrt werden. Als Vor-
behandlung vergroBerte ein Abstrahlen der Inlays mit Korund-Strahlgut die Oberfliche. Dies
ermoglichte eine bessere Oberflichenbenetzung durch die Adhésive, wodurch ein fester mikro-
retentiver Verbund geschaffen werden konnte [75]. Das verwendete Adhisiv visio.link zeigte in
mehreren Studien im Vergleich zu anderen Adhésiven iiberlegene Hafteigenschaften zu PEEK, da
es aufgrund von seinen MMA-(Methylmethacrylat) und PETIA-(Pentaerythrittriacrylat) Bestand-
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teilen die Fahigkeit besitzt, PEEK Oberfldchen zu modifizieren und fiir einen festen Verbund zu
sorgen [75, 76]. Die Applikation des traditionellen Adhésivsystems Syntac mit dem Befestigungs-
komposit Variolink ist ebenfalls eine etablierte Kombination zur adhésiven Befestigung von

indirekten Restaurationen, um ausgesprochen hohe Verbundfestigkeiten zu erzielen [77].

Bei der Wahl eines geeigneten Restaurationsmaterials spielt die VerschleifSbestidndigkeit eine
entscheidende Rolle, welche in vorliegender Untersuchung mittels Kausimulation in Kombination
mit einem Thermolastwechsel tiberpriift wurde, sodass ein kiinstlicher Alterungsprozess mit gleich-
zeitiger mechanischer und thermischer Belastung stattgefunden hat. Die angewandten 1,2 Millionen
Kauzyklen sollen fiinf Jahren klinischem Einsatz entsprechen und liefern damit eine prégnante Aus-
sagekraft {iber die Uberlebensrate von Restaurationen [13]. Erstaunlicherweise hat dieser Prozess
keine Auswirkungen auf die Bruchlasten der untersuchten Zéhne gezeigt, sodass allen verwendeten
Materialien eine klinisch ausreichende Kaubestindigkeit zugesprochen werden kann. Allerdings
wurden die Zihne wihrend der Simulation nur mit einem antagonistischen Gewicht von 50 N
belastet, wohingegen physiologisch weitaus hohere Kaukrifte auftreten [59]. Einen Kausimulator
mit hoheren Gewichten zu entwickeln und stabil zum Laufen zu bringen stellt jedoch eine ziemlich
groe Herausforderung dar.

In der Mundhohle sind die Zihne stindigen Kontakt mit Speichel ausgesetzt. Diese Speichel-
aussetzung wurde in der durchgefiihrten Untersuchung nicht praktiziert. Eine Lagerung und
Kausimulation mit physiologisch gewonnenem Speichel kann noch bessere Ergebnisse hervor-

bringen [78].

Im Vergleich zu alternativen indirekten Restaurationsmaterialien, zeigten Inlays aus yttrium-
stabilisiertem Zirkoniumdioxid aufgrund der hohen Druckbelastbarkeit und Phasentrans-
formationsverstérkung dieser Keramik eine vergleichbare Frakturresistenz zu nicht restaurierten
Zihnen von bis zu 1.646 N [79]. Inlays aus Harzmaterialien und Lithiumdisilikatkeramik lieferten
geringere Werte als nicht préaparierte Zdhne, wobei Harzmaterialien aufgrund des geringen E-Moduls

die geringste Bruchlast aufwiesen [69].
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AbschlieBend kann gesagt werden, dass die durchgefiihrte Untersuchung die ersten Schritte auf dem
Weg einer additiven Fertigung mittels FLM Technologie von dentalen Restaurationen aus PEEK
aufgezeigt hat und somit ein grofes Potential fiir zukiinftige Anwendungen besitzt. Es konnten viel-

versprechende Ergebnisse in Bezug auf die Mechanik und die Kaubesténdigkeit erzielt werden.

Allerdings sind fiir die Zukunft technische Verbesserungen aufseiten des Druckers beziiglich der

Druckgenauigkeit, detaillierte Informationen iiber die PEEK-Filamente zur Erklédrung und Voraus-

sage der Mechanik als auch klinische in vivo Studien erforderlich.
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5. Zusammenfassung und Ausblick

Anhand der hier zusammengefassten Untersuchungen kann festgestellt werden, dass der 3D-Druck
mittels FLM Technologie von dem Hochleistungskunststoftf PEEK in der Zahnmedizin das Potenzial
besitzt, traditionelle Herstellungsverfahren infrage zu stellen. Vor allem der bereits etablierten
subtraktiven Fertigungstechnik wird er in den kommenden Jahren eine ernst zu nehmende

Konkurrenz bieten.

Obwohl gedruckte standardisierte Priifkorpergeometrien schlechtere Martensparameter aufwiesen
als gefréste Priifkorper, zeigten sich bei den Bruchlastwerten von gedruckten und gefréasten Klasse-
I-Inlays keine Unterschiede, die auBerdem oberhalb der vorkommenden physiologischen und
maximalen Kaukrifte lagen. Ferner kann festgestellt werden, dass die Druckrichtung und somit die
Orientierung der aufeinander abgelegten Schichten einen relevanten Einfluss auf das mechanische
Verhalten ausiiben, indem eine senkrechte Positionierung der gedruckten Schichten zu der

Belastungsrichtung die beste Mechanik hervorruft.

Wihrend hydrothermale Alterungsprozesse einen negativen Einfluss auf die Mechanik vor allem der
gefrésten Priifkorper ausiibten, zeigte die Kausimulation keinen Effekt auf die Bruchlast der
restaurierten Zdhne mit indirekten PEEK Inlays, was vielversprechend fiir eine hohe klinische
Leistung und Langzeitbestéindigkeit sein kann. Ein entscheidender Nachteil der gedruckten Bauteile
ist die erforderliche Nachbearbeitung und die noch bestehende Unwissenheit iiber die genaue Zusam-
mensetzung und das thermodynamische Verhalten der PEEK-Filamente. Auch eine Verbesserung
von Druckgenauigkeit sowie Asthetik der gedruckten Komponenten sind notwendig, um den hohen

Qualitdtsanforderungen in der Zahnmedizin gerecht zu werden.

Obgleich die durchgefiihrten Untersuchungen aussichtsreiche Ergebnisse lieferten, ist die
Verarbeitung von PEEK mittels additiver Technologie in der Zahnmedizin aufgrund der hohen
Anforderungen an Mechanik, Prizision sowie Asthetik immer noch eine Herausforderung, um auch

in vivo erfolgreich als ein alternatives biokompatibles Material mit diesem Herstellungsverfahren
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verwendet werden zu konnen. Vor diesem Hintergrund sind prospektiv angelegte klinische Studien

wiinschenswert, um das klinische Langzeitverhalten dieser neuen Werkstoffe zu priifen.

Allerdings kann erwartet werden, dass diese Herausforderungen in den kommenden Jahren mithilfe

fortschreitender Forschungs- und Entwicklungsarbeit sowohl von iiberarbeiteten Drucktechnologien

als auch verbesserten Materialien im Hinblick des digitalen Zeitalters effektiv bewerkstelligt werden.
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6. Englische Zusammenfassung

On the basis of the investigations summarized here, it can be concluded that 3D printing using FLM
technology of the high-performance polymer PEEK in dentistry has the potential to challenge
traditional manufacturing processes. In particular, it will provide enormous competition to the

already established subtractive manufacturing technology in the upcoming years.

Although printed standardized specimens showed worse Martens parameters than milled ones, there
were no differences in the fracture load of printed and milled class I inlays, which were also above
the occurring physiological and maximum masticatory forces. Furthermore, it can be observed that
the printing direction and thus the orientation of the layers laid on top of each other has a relevant
influence on the mechanical performance, in that positioning the printed layers perpendicular to the

direction of loading provides the best mechanics.

While hydrothermal aging processes demonstrated a negative impact on the mechanics of the milled
specimens in particular, chewing simulation showed no effect on the fracture load of restored teeth
with indirect PEEK inlays, which may be encouraging for high clinical performance and long-term
durability. A decisive disadvantage of the printed components is the required postprocessing and the
still existing lack of knowledge about the exact composition and thermodynamic behavior of the
PEEK filaments. Improvements in printing accuracy and aesthetics of the printed parts are also

required to ensure that the high quality requirements in dentistry are achieved.

Although the investigations carried out have yielded promising results, the processing of PEEK using
additive technology in dentistry is still a challenge due to the high demands on mechanics, precision
and aesthetics in order to be able to be used successfully in vivo as an alternative biocompatible
material using this production process. Beyond this background prospective long-term clinical

studies are necessary to evaluate the clinical performance.
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However, it can be expected that this challenge will be effectively managed in the coming years
through ongoing research and development of revised printing technologies as well as improved

materials with regard to the digital age.
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