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1 Einleitung

1. Einleitung

In der Zahnmedizin wird die CAD/CAM-Technologie (computer-aided design/computer-aided
manufacturing) im Sprachgebrauch bisher hauptsidchlich mit subtraktiven (frdsen, schleifen)
Verfahren gleichgesetzt. Die additive Fertigung (AM — additive manufacturing) riickt jedoch
immer mehr in den wissenschaftlichen Fokus. Griinde dafiir sind eine groere Freiheit in Bezug
auf die Objektgeometrie sowie wirtschaftliche Vorteile durch deutliche Materialeinsparungen
sowie das Wegfallen von Verschlei3teilen wie Friasen. Etabliert hat sich der 3D Druck in der
Praxis bereits bei der Herstellung von Aufbisschienen individuellen Abformléffeln, chirurgi-

schen Bohrschablonen sowie in der Lehre an Hochschulen (Schweiger et al., 2021).

Zu den fithrenden additiven Herstellungsverfahren zdhlen 3D Drucker mit SLA (Stereolitho-
graphie) oder DLP (digital light processing) Technologie (Alammar et al., 2022). Diese Tech-
nologien unterscheiden sich in der Art der Lichtquelle, denn bei beiden Verfahren befindet sich
das photopolymerisierbare fliissige Harz in einer Wanne und wird durch die Lichtquelle Schicht
fiir Schicht auf die Bauplattform, die in die Wanne eintaucht, gezielt polymerisiert. Das fertigte
Objekt befindet sich nach dem Druckvorgang an Hilfs- bzw. Stiitzstrukturen auf der Bauplatt-
form, die anschliefend im sogenannten Post-Processing abgetrennt werden miissen. Dies bein-
haltet zudem eine Reinigung des Objekts von anhaftendem nicht-polymerisiertem Harz (Mayer
et al., 2021) und eine Nachbelichtung mit speziellen Gerdten, um eine mdglichst hohe Umset-
zungsrate der Kohlenstoffdoppelbindung im Objekt zu erreichen (Reymus and Stawarczyk,
2020). Im Allgemeinen bestehen die Harzmaterialien aus einer Harzmatrix aus polymerisierba-
ren Methacrylaten, anorganischen Fiillstoffen, (Photo-)Initiatoren und Farbstoffen. Die Ent-
wicklung von keramisch gefiillten Hybridmaterialien ermdglicht die Verwendung von gedruck-
ten Restaurationen als festsitzenden Zahnersatz, da durch den erhohten Anteil anorganischer
Fiillstoffe (z.B. Glaskeramikfiiller), die mechanischen Eigenschaften entsprechend gesteigert
werden (Zimmermann et al., 2020). Ebenso ermdglicht der wissenschaftliche Fortschritt das
Drucken mit einer sehr hohen Prézision (Sampaio et al., 2021). Beides sind Erfordernisse im
klinischen Einsatz von zahnfarbenen festsitzenden Restaurationen von (Langzeit-)Provisorien,

Kronen und Bricken.

Ausschlaggebend fiir den klinischen Erfolg sind neben Biokompatibilitit und mechanischen
Eigenschaften, ein dauerhaft stabiler Verbund an der Zahnhartsubstanz. Durch die Nachbelich-
tung von 3D gedruckten Objekten kommt es zu einer weiteren Polymerisation und folglich zu
einem geringen Restmonomergehalt an der Oberflache. Die iiberwiegend inerte Oberfldche ver-

hindert das Ko-polymerisieren von adhédsiven Befestigungsmaterialien und macht deshalb eine



1 Einleitung

Vorbehandlung der Klebefldche vor dem Einsetzen der Restauration notwendig (Mayinger et
al., 2021, Borges et al., 2021). Zu den bekanntesten Vorbehandlungen zadhlt das Abstrahlen mit
Aluminiumoxidpartikeln (Korund). Das Korundstrahlen reinigt und verdndert die Restaurati-
onsoberfliche in ihrem Rauheitsprofil (Kern, 2015, Nejat et al., 2018, Ozcan and Bernasconi,
2015). Eine bessere Benetzbarkeit von Adhésivsystemen und Befestigungsmaterialien wird er-
moglicht und zudem wirken sich Mikroretentionen positiv auf die Verbundfestigkeit aus
(Kuscu et al., 2021). Zusétzlich zum Abstrahlen ist die chemische Zusammensetzung der ver-
wendeten Adhédsivsysteme wichtig fiir den langfristigen Erfolg. Sogenannte Universaladhdsive
enthalten sduremodifizierte Monomere mit bifunktionellen Eigenschaften und versprechen dem
Anwender oft den Verbund auf allen Materialoberflachen (Ye et al., 2022). Silanhaltige Adhéa-
sive bilden durch eine Kondensationsreaktion mit reaktiven Hydroxylgruppen eine kovalente
Bindung mit glaskeramischen Fiillstoffen (Hagino et al., 2021). Inhaltsstoffe wie Methylme-
thacrylate (MMA) greifen die Oberfliche an und 16sen bereits bestehende Doppelbindungen,
die anschlieflend fiir eine erneute Polymerisation mit dem Befestigungskomposit zur Verfiigung
stehen, dies ist v.a. bei subtraktiv hergestellten Restaurationen aus Kompositen von Bedeutung

(Reymus et al., 2019).

Viele Materialhersteller haben bereits 3D druckbare Harze fiir festsitzende (Langzeit-)Proviso-
rien in ihrem Portfolio. Bisher sind wenige davon als Material fiir definitive Restaurationen
freigegeben. Allerdings sind die Befestigungsstrategien noch nicht ausreichend wissenschaft-

lich erforscht.



2 Zielsetzung

2.  Zielsetzung

In den zwei dieser Arbeit zugrundeliegenden international verdffentlichten Publikationen
wurde die Verbundfestigkeit von einem 3D druckbarem Harz und einem adhésiven Befesti-
gungskomposit in-vitro untersucht. Als Harz wurde printodent® GR-17.1 temporary It
(pro3dure medical GmbH, Iserlohn, Germany) verwendet, das fiir 3D gedruckte Langzeitpro-

visorien zugelassen ist.

Insbesondere wurde der Einfluss von unterschiedlichen Strahlpartikeln, -driicken und Adhé-
sivsystemen untersucht. Zudem wurden verschiedene Reinigungsmethoden im Post-Proces-
sing, die von Herstellern empfohlen oder fiir die Reinigung speziell entwickelt wurden, beriick-
sichtigt. Um die in-vitro Verbundfestigkeit moglichst kliniknah zu simulieren, wurde zusitzlich

eine kiinstliche Alterung in das Studiendesign aufgenommen.
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3 Material und Methoden

3. Material und Methoden

Insgesamt wurden 1.260 Priitkorper (Geometrie 15x15x4 mm) mit der DLP-Drucktechnologie
hergestellt. Das anhaftende nicht-polymerisierte Harz wurde entweder chemisch in 100%igen
Isopropanol, oder in einer Butyldiglykol-Losung im Ultraschallbad abgewaschen oder durch

Zentrifugieren physikalisch entfernt. Die Nachbelichtung erfolgte nach Harzherstellerangaben.

In der ersten Untersuchung wurde die mechanische Vorbehandlung untersucht. Dabei wurde
die Klebefliche der unterschiedlich gereinigten Priifkdrper entweder mit 50 pm Alumini-
umoxid (0,1 MPa / 0,4 MPa) oder mit 50 um Glasperlen (0,1 MPa / 0,4 MPa) gestrahlt. An-
schlieBend wurden die Oberflichenenergie und das Rauheitsprofil gemessen. Ein konfektio-
nierter Acrylzylinder mit einer definierten Klebefliche von 2,9 mm? wurde mit einem adhisi-
ven dualhdrtenden Befestigungskomposit (Panavia V5, Kuraray Noritake, Okyama, Japan) auf
der Priitkorperoberfliche verklebt. Die Hélfte der Priitkérper wurden einer kiinstlichen Alte-
rung in einem Thermolastwechsel (10.000 Zyklen, zwischen 5° und 55°C) ausgesetzt. Initial
und nach Alterung wurden die Scher-und Zugfestigkeiten in einer Universalpriifmaschine er-
mittelt und die Bruchbilder analysiert. Die globale univariate Varianzanalyse mit partiellem
Eta-Quadrat wurde angewandt, um die Effektstirke der getesteten Parameter zu bestimmen.
Die nicht-parametrischen Tests Kruskal-Wallis-H und Mann-Whitney-U verglichen die unter-

suchten Gruppen miteinander.

Bei der zweiten Untersuchung lag der Fokus auf der chemischen Konditionierung. Mit einem
Raman-Mikroskop wurde zunéchst die Umsetzungsrate der Kohlenstoffdoppelbindungen von
Priitkérpern unmittelbar nach der Reinigung und Nachbelichtung gemessen und anschlieBend
mit gestrahlten (Al>O3, 0,1 MPa) Priifkorperoberflachen verglichen. Auf die Klebefldche wurde
entweder ein Keramikprimer (Clearfil Ceramic Primer Plus, Kuraray Noritake, Okayama, Ja-
pan), zwei unterschiedliche Universaladhésive (Clearfil Universal Bond Quick, Kuraray Nori-
take Okayama, Japan oder Scotchbond Universal Plus, 3M, Saint Paul, Minnesota, USA) oder
ein MMA-Primer (Visio.link, Bredent, Senden, Germany) nach Herstellerangaben aufgetragen.
Die Verklebung, Alterung und die Zugfestigkeitspriifung der Priifkorper erfolgten analog zur
ersten Untersuchung. Um den Einfluss der Reinigungsmethoden und der chemischen Vorbe-
handlung auf die Zugfestigkeit zu ermitteln, wurde eine einfaktorielle Varianzanalyse mit par-
tiellem Eta-Quadrat und anschlieBendem Scheffé-Post-hoc-Test berechnet. Ein t-Test unter-

suchte die Auswirkungen der kiinstlichen Alterung.
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4 Ergebnisse

4. Ergebnisse

Die Vorbehandlung mit Aluminiumoxid mit dem Druck von 0,4 MPa zeigte die hochste Ober-
flichenrauheit im Vergleich zu einer Vorbehandlung mit Glasperlen oder niedrigerem Druck.
Der Strahldruck hatte einen groBBeren Einfluss auf die Verbundfestigkeit als die Art des Strahl-
pulvers. Die Vorbehandlung mit Glasperlen mit dem Druck von 0,1 MPa zeigte die niedrigsten
Scher- (23 MPa) und Zugfestigkeiten (10 MPa). Ebenso wurden {iberwiegend adhésive Bruch-
bilder erfasst. Unabhingig der Reinigungsmethode zeigte die Vorbehandlung mit Alumini-
umoxid mit 0,4 MPa die hochsten Scher- (37 MPa) und Zugfestigkeiten (26 MPa). Der Ver-
gleich der Reinigungsmethoden zeigte, dass zentrifugierte Priifkdrper initial hohere Verbund-

festigkeiten unabhingig der Strahlparameter aufwiesen.

Zentrifugierte Priifkorper zeigten vor dem Korundstrahlen (Al2O3, 0,1 MPa) verglichen mit der
chemischen Reinigung (> 95%) niedrigere Kohlenstoffumwandlungsraten (88%). Nach dem
Korundstrahlen erreichten die Priifkdrper dhnliche Kohlenstoffumwandlungsraten (92%) wie
nach der chemischen Reinigung. Die niedrigsten Zugfestigkeiten wies die Vorbehandlung mit
dem Keramikprimer (16 — 19 MPa) auf. Allerdings konnte die Verbundfestigkeit signifikant
erhoht werden, wenn die Priifkérper zentrifugiert waren (27 — 33 MPa). Bei nicht gealterten
Priitkérpern konnten unabhéngig der Reinigungsmethode héhere Werte (36 — 40 MPa) unter
Verwendung von den Universaladhisiven Clearfil Universal Bond Quick oder Scotchbond Uni-
versal Plus im Vergleich zu dem MMA-Primer (24 — 27 MPa) gemessen werden. Nach der
kiinstlichen Alterung erreichte die Konditionierung mit dem MMA-Primer (29 — 34 MPa) dhn-
lich hohe Zugfestigkeitswerte wie die der Universaladhisive (33 — 36 MPa).

12



5 Diskussion

5. Diskussion

Nach der physikalischen Reinigung verbleiben Riickstdnde von nicht polymerisiertem klebri-
gem Harz auf der Oberfldache. Die Nachbelichtung erzeugt eine gldnzende, aber inerte Oberfli-
che. Die Vorversuche zeigten, dass ohne Oberflachenvorbehandlung keine Verbundfestigkeit
zum Befestigungskomposit Panavia V5 erreicht werden kann. Wird allerdings die oberste
Schicht durch Abstrahlen entfernt, befindet sich darunter ein hoherer Restmonomeranteil ver-
glichen mit der chemischen Reinigung. Dies ermdglicht bessere Verbundfestigkeiten auch bei
der Verwendung von rundlichen Glasperlen mit einem geringen Druck kombiniert. Auch bei
der Wahl des Adhésivsystems konnte die physikalische Reinigung kombiniert mit dem Kera-
mikprimer deutlich hohere Verbundfestigkeiten im Gegensatz zur chemischen Reinigung errei-

chen.

Die Biokompatibilitdt von Materialien hidngt im Wesentlichen vom Grad der Umwandlung der
Kohlenstoff-Doppelbindungen ab, da Restmonomere als auslaugbare Bestandteile vorliegen
und im Speichel in Losung gehen kdnnen (dos Santos et al., 2014). Unmittelbar nach der Nach-
belichtung wiesen die zentrifugierten Priifkdrper eine geringere Umsetzungsrate im Vergleich
zur chemischen Reinigung auf. Nach dem Abstrahlen wiesen allen Reinigungsmethoden ver-
gleichbar hohe Umsetzungsraten auf. Bei zahnmedizinischen Restaurationen wird die Oberfla-
che routinemifig finiert und poliert. Es ist anzunehmen, dass die initial gemessen Umsetzungs-

raten vernachléssigbar sind.

Die Vorbehandlung mit Aluminiumoxid mit einem hohen Druck von 0,4 MPa zeigte hohe Ver-
bundfestigkeiten. Klinisch konnte die Oberfldche bei hohen Druck beschéddigt werden, die an-
organischen Fiillstoffe (Gldser) konnten aus der Harzmatrix desintegrieren und zu einem Ver-
lust der mechanischen Eigenschaften fithren (Yoshihara et al., 2017). Auch ein unachtsames
Strahlen konnte den Restaurationsrand stark beschddigen und die Restauration schlieBlich un-
brauchbar machen. Ein Abstrahlen mit Glasperlen mit dem Druck von 0,1 MPa erreichte in den
Versuchen keinen zuverldssigen Verbund. Durch die rundliche Geometrie des Strahlguts kann
kaum bis geringfligig mikromechanisch Retentionen zur Verankerung des Befestigungskom-

posits geschaffen werden (Nobuaki et al., 2015).

Die verwendeten Universaladhésive (Clearfil Universal Bond Quick und Scotchbond Universal
Plus) zeigten die hochsten Verbundfestigkeiten. Bifunktionelle Monomere wie das saure phos-

phorhaltige Monomere 10-MDP interagieren ionisch mit den oxidkeramischen Fiillstoffen in

13



5 Diskussion

der Harzmatrix (Klaisiri et al., 2021). Dariiber hinaus bilden enthaltene silanreaktive Hydro-
xylgruppen zu den glaskeramischen Fiillstoffen eine kovalente Bindung und konnen durch Me-

thacrylatgruppen mit dem Befestigungskomposit polymerisieren.

Im Gegensatz zu den Universaladhésiven erreichte der 10-MDP haltige Keramikprimer niedri-
gere Verbundfestigkeiten. Da der Primer hauptséchlich Silan enthilt wird der Verbund stark
auf den Verbund zu glaskeramischen Fiillstoffen reduziert und gleichzeitig wird die Bildung
von Kohlenstoffverbindungen zwischen Harzmatrix und Befestigungskomposit blockiert
(Lima et al., 2022). Aufgrund der niedrigen bis mittleren Viskositédt des 3D Harzes, die fiir die
Verarbeitung im Drucker wichtig ist, hat es die Eigenschaften eines flieBfahigen Komposit und
besteht nach Herstellerangaben hauptsédchlich aus der Harzmatrix (60 %) und einer reduzierten
Anzahl von Fiillstoffen (40 %). Dadurch konnte der MMA-Primer visio.link zwar héhere Ver-
bundfestigkeiten als der Keramikprimer erzielen, allerdings entféllt die chemische Haftung an

anorganischen Fiillstoffen (Palitsch et al., 2012).
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6 Zusammenfassung

6. Zusammenfassung

Ziel der vorliegenden Arbeit war es die in-vitro Verbundfestigkeit zwischen einem fiir Lang-
zeitprovisorien zugelassen 3D druckbarem Harz und einem adhisiven dualhédrtenden Befesti-
gungskomposit zu ermitteln. Untersucht wurde der Einfluss der Reinigungsmethode, die Be-
standteil des Post-Processing ist, das Abstrahlen der gedruckten Oberflichen mit verschiedenen
Strahlparametern und die chemische Konditionierung mit unterschiedlichen Adhédsivsystemen.
Die Art der Reinigung beeinflusste, sowohl an abgestrahlten Priitkdrperoberflichen als auch an
chemisch vorbehandelten, die Verbundfestigkeit. Die physikalische Reinigung (Zentrifugation)
steigerte die Verbundfestigkeit verglichen mit der Reinigung in Losungsmitteln (Isopropanol
bzw. Butyldiglykol-haltige Losung) bei Abstrahlen mit Glasperlen und 0,1 MPa und bei Ver-
wendung des Keramikprimers (Clearfil Ceramic Primer). Da viele 3D Druckhersteller die Rei-
nigung in Isopropanol empfehlen, konnten die Untersuchungen zeigen, dass unabhingig der
untersuchten Reinigungsmethoden die mechanische Vorbehandlung mit Aluminiumoxid mit
0,4 MPa, die Universaladhisive (Clearfil Universal Bond und Scotchbond Universal Plus) und
der MMA-Primer (Visio.Link) hohe Verbundfestigkeiten erreichten.
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7 Abstract (English)

7.  Abstract (English)

The aim of the present research was to determine the in-vitro bond strength between a 3D print-
able resin approved for long-term temporaries and an adhesive dual-curing luting composite.
The influence of the cleaning method, which is part of the post-processing, the air-abrasion of
the printed surfaces with different air-abrasion parameters and the chemical conditioning with
various adhesive systems were investigated. The type of cleaning, both on air-abraded specimen
surfaces and on chemically pretreated ones, influenced the bond strength. Physical cleaning
(centrifugation) increased bond strength compared to solvent cleaning (isopropanol or butyl
diglycol containing solution) when air-abrasion occurred with glass pearls at 0.1 MPa or using
the ceramic primer (Clearfil Ceramic Primer). Since many 3D printing manufacturers recom-
mend cleaning in isopropanol, the investigations showed that regardless of the cleaning meth-
ods investigated, the mechanical pretreatment with alumina powder at 0.4 MPa, the universal
adhesives (Clearfil Universal Bond and Scotchbond Universal Plus) and the MMA primer (Vi-
sio.Link) achieved high bond strengths.
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Abstract

Objectives The influence of different cleaning methods, air-abrasion parameters, and aging on shear bond strength (SBS)
and tensile bond strength (TBS) of 3D resin luted to composite resin.

Materials and methods Nine hundred resin substrates were 3D printed (D20II, Rapid Shape) and cleaned with either
isopropanol (ISO), butyldiglycol-based solution (BUT), or centrifugation (CEN). After 24-h storage in 37 °C water,
specimens were air-abraded (mean particle size 50 um; n=60) with either alumina at 0.1 MPa (ALO.1) or 0.4 MPa (AL0.4)
and glass pearls at 0.1 MPa (GPO0.1) and 0.4 MPa (GP0.4) or conditioned with visio.link (control) and luted with PanaviaV5.
Initially (24 h, 37 °C water storage) or after aging (10,000 thermal cycles), SBS and TBS were measured, and fracture types
were examined. Surface free energy (SFE) and roughness (Ra) were determined after air-abrasion. Kolmogorov—Smirnov,
Kruskal-Wallis H, Mann—Whitney U, chi-square, and partial eta-squared were computed.

Results SBS measurements presented higher values than TBS (p <0.001-0.033). Within the pretreatment groups, CEN
showed the highest SBS and TBS values compared to cleaning with ISO or BUT (p <0.001-0.040). Pretreatment with GP0.1
displayed the lowest bond strength values (p < 0.001-0.049), and mostly adhesive fractures occurred. The highest Ra values
(p<0.001) were observed for AL0.4 pretreatment.

Conclusions Pretreatment with AL0.4 and the control group mainly presented the highest bond strength values.
Thermocycling had a positive effect on the bond strength.

Clinical relevance According to this study, 3D-printed restorations should be pretreated with AL0.4 or with visio.link before
adhesive luting, regardless of their cleaning.

Keywords 3D resin - Cleaning - Air-abrasion - Surface properties - Bond strength - Fracture types

Introduction CAM stands for a variety of digitally supported techniques.

For CAD/CAM polymers and composite resins, CAM is

The computer-aided design/computer-aided manufacturing
(CAD/CAM) technology allows composite resin materials to
be used for permanent indirect restorations. The term CAD/
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traditionally equivalent with the subtractive (milling) way
of manufacturing [1]. Nowadays, additive manufacturing
(AM), commonly known as 3D printing, is increasingly
appreciated. Usually, the printing object is built up three-
dimensional, layer by layer out of a vat of light-polymerizing
resin by action of light, using stereolithography (SLA) or
digital light processing (DLP) technology [2]. In contrast
to milling and grinding, there is less restriction in object-
geometry and waste of material. AM is already now well
established in the prosthetic pretreatments such as bite
splints, customized impression trays, surgical guides, and
removable dental protheses. The latest material and printing
research confirms that 3D-printed resin-based temporaries
are suitable for long-term use [3]. Printed long-term
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temporaries present higher accuracy, better marginal fit
[4], higher fracture resistance [5], and biocompatibility [6]
compared to the conventionally manufactured ones. Up to
now, only few 3D printable materials are available for fixed
permanent restorations [7], but many manufacturers of 3D
printable resins for long-term temporaries strive to obtain
an approval under the medical device regulation, for the
application as fixed dental protheses.

Besides mechanical and biological properties, a durable bond
between restoration and the luting material is a crucial factor for
a sufficient clinical long-term stability. The adhesion of compos-
ite material to tooth structure has already been extensively clari-
fied and documented [8, 9]. In general, composite resin materials
consist of a resin matrix of polymerized methacrylate, inorganic
fillers, and (photo-)initiators. For milled composite resin restora-
tions, the removed smear layer and unpolymerized carbon—car-
bon double bonds (free methacrylate) are important to create a
strong adhesive bond by co-polymerizing the luting composite
resin. The mechanical pretreatment of the bonding area is the
most popular method for eliminating the smear layer, enlarg-
ing the surface area, and creating micro-mechanical retentions.
Various air-abrasion powders with different mean sizes and
pressures are described in literature [10—12]. Alumina powder
displayed especially promising results [13] but has been criti-
cized for damaging the surface, whereas air-abrasion with glass
pearls would be sufficient [14]. Only a few in vitro studies have
been concerned with the influence of air-particle abrasion on
the surface properties of 3D printable resin restorations [15, 16].
None of them though takes air-abrasion pressure into account.
However, with AM, there is no smear layer due to grinding or
milling. Here, the post-processing procedures are important to
be considered.

After the printing process, the objects must be freed from
excess adherent uncured resin. Various cleaning methods are
described in literature, whereby most resin manufacturers,
despite lacking the scientific basis, suggest to simply rinse
with isopropanol [17, 18]. This recommendation needs to be
questioned, since solutions in particular may lead to changes in
the surface structure of the printed object [18]. It is a necessity
that the cleaned objects are being post-polymerized [19] by
increasing converted carbon—carbon double bonds to stabilize
mechanical and especially biological properties [19]. There
is no literature yet, concerning the potential or limitations of
post-processing procedures in combination with mechanical
pretreatment with regard to the adhesion bond between the 3D
resin and the luting composite resins. Therefore, the study at
hand has been conducted.

The aim was to investigate the influence between three
different cleaning methods and four different air-abrasion
procedures, varying in pressure and air-abrasion agents, on
the shear (SBS) and tensile (TBS) bond strength between
3D-printed temporary resin and a dual curing resin compos-
ite. The selected cleaning solution was either suggested by a
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manufacturer (isopropanyl alcohol) or specially developed
for cleaning 3D-printed objects (InovaPrint wash). Addition-
ally, centrifugation, as a physical cleaning method, was used
since it is also recommended by some manufacturers. The
centrifugal force has already been researched with regard to
cleaning and mechanical properties of printed objects and
has displayed promising results [18]. As a control group, a
protocol with visio.link combined with 0.1 MPa alumina
air-abrasion was chosen as this combination demonstrated
good bond strength values (23.7-25.7 MPa) in various stud-
ies concerning the luting of CAD/CAM composite blocks
[20, 21]. To investigate the bond strength of fixed dental
prostheses, it is essential for in vitro studies to be as close to
the clinic as possible; therefore, thermocycling as artificial
aging was also included.

The null hypothesis stated that neither the cleaning
method nor the pretreatment (air-abrasion powder and pres-
sure) nor the aging regime nor the test method has an impact
on the bond strength. Furthermore, the null hypothesis was
that the air-abrasion shows no impact on the surface rough-
ness and surface free energy.

Material and methods

A specimen geometry (4 X 15X mm) was digitally designed
(Meshmixer software, Autodesk Inc., San Rafael, CA,
USA) and exported as a STL file. A total of 900 resin
specimens (printodent Generative Resin GR-17.1 temporary
It, Pro3dure medical GmbH, Iserlohn, Germany) were
additively produced, vertically to the printer’s platform
in a layer thickness of 50 um by using the digital light
processing (DLP) printer D20II (Rapidshape, Heimsheim,
Germany) according to the manufacturer’s instructions.
Before printing, the 3D resin was processed on a roller
stirring device (LC-3D Mixer, NextDent, Soesterberg,
Netherlands) for 30 min to achieve a sufficiently
homogeneous distribution of the ingredients. An overview
of the study design is presented in Fig. 1.

The printed specimens were divided into three groups
(n=300) and cleaned as follows:

1. Isopropanol (ISO) (100%, SAV LP GmbH, Flintsbach,
Germany) for 4 min in an ultrasonic bath (Sonorex Super
RK 102H, Bandelin, Berlin, Germany). The residue of
the liquid was removed with compressed air.

2. Butyldiglycol-based cleaning solution (BUT) (InovaPrint
Wash, hpdent GmbH, Gottmadigen, Germany) for
2 min in an ultrasonic bath as recommended by the
manufacturer. The residue of the liquid was removed
with compressed air.

3. Centrifugation (CEN) (Allegra X-15R, Beckman
Coulter GmbH, Krefeld, Germany). Two specimens in
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Fig.1 Study design Specimen: 3D printed resin (N = 900)

4x15x15 mm

l

l Cleaning methods (n = 300)

]

| Post-polymerization

| Surface pretreatment (n = 60)

Test groups |—‘| Surface properties (n = 40)

Alumina, 0.1 [MPa] | Surface roughness ‘

| Surface free energy |

Glass pearls, 0.1 [MPa]

Alumina, 0.4 [MPa] ‘

Glass pearls, 0.4 [MPa]

Control group |

Alumina, 0.1 [MPa], visio.link |

|

| Specimen luting |— Aging (n = 30)

| with cylinder filled with PanaviaV5 ‘ | Initial: H,0, 37°C, 24h ‘

Artificial aging: Thermocycler
10.000 cycles (~ 9d)
5°C/ 55°C

Measurements (n = 15) |

Shear bond strength (MPa) Tensile bond strength (MPa)

l Fracture types analyis |

each polypropylene conical tube (Cellstar Tubes 50 ml, All specimens were post-cured using OtoFlash G171
Greiner Bio-One, Austria) were centrifugated with 600 (NK-Optik, Baierbrunn, Germany) for 2000 flashes from
G for 10 min. each side (flashlight; wavelength range 280-700 nm, peaks
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at approximately 400 and 500 nm) and subsequently stored
for 24 h in distilled water at 37 °C. The specimens were
further divided into five subgroups (n=60) and air-abraded
with alumina or glass pearls with a mean particle size of
50 pum for 10 s (basis Quattro IS, Renfert, Hilzingen, Ger-
many). The execution duration was controlled manually
via a timer. The evaluated air-abrasion powders combined
with specific pressures are listed in Table 1.

A blasting tool ensured 10 mm distance between the noo-
dle and the specimen’s surface with an angle of 45°.

Then, all specimens were ultrasonically cleaned for
3 min in distilled water and carefully dried with com-
pressed air.

As the control group, 180 specimens were, after air-
abrasion with alumina at 0.1 MPa, additionally treated with
visio.link (bredent, Senden, Germany). The conditioning
agent was applied with a microbrush and then light cured
for 90 s with a manufacturer-recommended light curing unit
(bre.Lux Power unit, bredent) on the specimen’s surface. The
pretreatment was performed immediately before bonding of
the specimens.

An acrylic cylinder (SD Mechatronik, Feldkirchen-
Westerham, Germany) with an inner diameter of 2.9 mm
was positioned on each pretreated specimen’s surface, filled
with a luting composite resin in shade A2 (Panavia V5,
Kuraray Noritake, Okyama, Japan). Excess luting mate-
rial around the cylinder on the luting area was carefully
removed with a microbrush before polymerizing for 40 s
(10 s from four different sides) using a LED light unit (Eli-
par Deep Cure-S, 3 M, Seefeld, Germany) with a wave-
length of 430-480 nm and a light intensity of 1.480 mW/
cm?. The cylinder was not disconnected before conducting
the bond strength tests.

All specimens were subsequently stored in distilled water
for 24 h at a temperature of 37 °C before half of the speci-
mens were aged by a thermocycling process (Thermocycler,
SD Mechatronik, Feldkirchen-Westerham, Germany). The
artificial aging completed 10,000 thermal cycles between
5° and 55 °C remaining for 20 s in each bath.

SBS and TBS measurements

SBS and TBS were carried out in a universal testing machine
(Zwick 1445, Zwick, Ulm, Germany). For SBS, the com-
pound surface was parallel to the loading direction, and the
acrylic cylinder to the horizontal direction. The specimens
were vertically loaded at a rate of 1 mm/min until fracture.
For TBS, the specimens were fixed in a special holding
device pulled apart by an upper chain with a crosshead speed
of 5 mm/min until bond failed and calculated as follows:
fracture load/bonding area (N, /mm?=MPa).

Fracture types

The deboned area of each specimen was evaluated using a
digital microscope magnification of 50 X (VHX-970F, Key-
ence, Osaka, Japan), and fractures were classified as follows:

i. Adhesive between the substrate and the luting com-
posite
ii. Cohesive within the luting composite resin
iii. Cohesive within the 3D-printed resin
iv. Mixed cohesive

SFE and Ra

From each of the four air-abrasion groups, 10 specimens
were taken to conduct angle measurements (Easy Drop,
Kriiss, Hamburg, Germany) to determine SFE. Measure-
ments were performed at room temperature by the ses-
sile drop method with a defined volume of the test lig-
uids which were distilled water and diiodomethane (CAS
75-11-6, Sigma-Aldrich, St. Louis, USA). Three drops of
each liquid were generated on each specimen’s surface.
After 5 s, a picture was taken, and the drop was analyzed
with the tangent 1 method for distilled water or the circle
method for diiodomethane by the used software (DSA 4,
Drop Shape Analysis, Kriiss). After specifying the base-
line of the drop, the contact angle was calculated with the

Table 1 Summary of pretreatment with abbreviations, material, manufacturers, composition, and lot numbers

Abbreviation  Pretreatment Material Manufacturers Composition Lot

ALO.1 Powder: alumina Strahlkorund Orbis Dental Handelsgesellschaft ~ Aluminia powder, mean 20,190,288
Pressure: 0.1 MPa mbH, Miinster, Germany particle size 50 pm

ALO.4 Powder: alumina
Pressure: 0.4 MPa

GPO.1 Powder: glass pearls  Perlablast micro Bego Bremer Goldschligerei, Lead-free sodium hydrogencarbonate ~ A46518

Pressure: 0.1 MPa

GP0.4 Powder: glass pearls
Pressure: 0.4 MPa

Bremen, Germany

glass pearls, mean particle size 50 pm
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Owens—Wendt—Rabel-Kaelble method. Further, the same
specimens were used for tactile Ra measurements by a pro-
filometer (MarSur M 400, Mahr, Géttingen, Germany). Six
measurements (3 X horizontal, 3 X vertical) were conducted
on each specimen, with a length of 5.6-mm and 3-mm dis-
tance between the single tracks, determined Ra.

Statistical analysis

The data were analyzed statistically with SPSS version 26.0
(IBM, SPSS, Statistics, Armonk, NY, USA). The normal
distribution was analyzed using the Kolmogorov—Smirnov
test. The global univariate ANOVA with partial eta-squared
(7p°) were applied to figure out the impact of the tested
parameters. The differences between the groups were
analyzed non-parametrically with the Kruskal-Wallis H and
multiple pairwise Mann—Whitney U test. For the correlation
between SBS and TBS, the Spearman rho test was applied.
The frequency of fracture types was analyzed by the chi-
square test and Ciba-Geigy table. p values less than 0.05
were interpreted as statistically significant.

Results

A deviation of the normal distribution was observed; there-
fore, the data were analyzed non-parametrically. Descrip-
tive statistics with standard deviation (SD); 95% confidence
intervals; and minimum, medium, and maximum are sum-
marized in Tables 2 and 3. The highest impact on SBS and

TBS was exerted by the test method (7> =0.454, p <0.001),
followed by the cleaning methods (17,>=0.160, p <0.001),
the pressure during the air-abrasion (771,2 =0.142, p<0.001),
the air-abrasion powder (7,>=0.099, p <0.001), and aging
(17P2=0.027, p<0.001). SBS showed higher values than
TBS (p=0.001 — 0.033), except for initial measurements
within specimens cleaned with BUT and pretreated with
GPO0.1 (p=0.285). A positive correlation between SBS and
TBS was found (R, 0.424, p <0.001).

SBS measurements

Regarding the cleaning methods, CEN led to higher values
for groups pretreated with ALO.1 (p <0.001-0.014), initially
tested specimens pretreated with AL0.4 (p <0.001-0.036),
and the aged group pretreated with GP0.4 (p =0.003-0.021).
Specimens tested in the initial state and pretreated with
GPO0.4, cleaned with CEN, presented higher values com-
pared to ISO (p=0.006). ISO showed higher values for
specimens tested in the initial state and pretreated with
GPO0.1 (p=0.001) compared to BUT. The aged groups pre-
treated with GPO.1 or AL0.4 and the initially tested control
group (p>0.092) showed no difference in cleaning methods,
whereas the aged control group showed higher values when
cleaned with BUT compared to CEN (p =0.002).
Regarding the pressure, 0.4 MPa led to higher values in
artificially aged groups cleaned with ISO and pretreated with
alumina (p =0.006) or cleaned with CEN and pretreated
with glass pearls (p =0.029). In addition, groups cleaned
with BUT and air-abraded at 0.4 MPa increased values in

Table2 Descriptive statistics SO
(median, min/max) and 95%

BUT CEN

confidence intervals (CI) for Median Min/max

95% ClI Median Min/max 95% CI Median Min/max 95% CI

SBS per cleaning method,

pretreatment, and aging Pretreatment Initial

ALO.1 35.5%  13.5/54.6
GPO.1 36.0  16.1/50.3
ALO.4 4331 7.9/58.6
GP0.4 38.4%  8.0/49.5
Control 34.3% 30,0/45.6

Pretreatment  Artificial aging

ALO.1 3878 28.6/57.1
GPO.1 36.2"%  22.4/66.2
ALO.4 55.0% 24.1/75.7
GP0.4 41.3%1 26.0/54.6
Control 60.4%  38.4/75.5

(26;39) 34.4%  10.1/52.5 (35;41) 46.0°"  25.4/56.3 (37;50)
(29;41) 23.3BYi 1,6/34.9 (10;28) 44.0™ 7.9/645 (28;48)
(30;48) 37.1°P1 283/51.6 (34;43) 49.2%M  36.5/61.1 (45;54)
(26;43) 44.0°A% 36.6/48.3 (40;46) 452%  38.0/62.0 (42;52)
(31;38) 38.2%1  232/529 (33;43) 33.1%" 25.9/45.5 (31;37)

(35;45) 45.7°%F  10.1/62.6 (33;51) 61.5°" 49.1/753 (57;67)
(31;47) 22.4™Bvi 31/530 (12;35) 36.0°%Y 87/75.7 (26;50)
(44;61) 56.8A%1 46.2/76.7 (52;67) 67.0"° 43.6/75.7 (56;70)
(37;48) 42.3"01 15.0/55.0 (31;46) 50.5*Pi 40.3/62.8 (46; 55)
(37;48) 62.8  52.7/75.7 (57;67) 453" 337/75.7 (41;56)

*Not normally distributed. “°Different lowercase letters present significant differences between the clean-
ing methods within one pressure, powder, and aging group. “PDifferent uppercase letters present sig-
nificant differences between the applied pressure within one powder, cleaning method, and aging group.
“PrDifferent letters present significant differences between pretreatments (1-5) within one cleaning method
and aging group. “Different letters present significant differences between the applied powder within one
pressure, cleaning method, and aging group. "'Different letters present significant differences between the
aging regime within one pressure, powder, and cleaning group
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Table 3 Descriptive statistics SO
(median, min/max) and 95%

BUT CEN

confidence intervals (CI) for Median Min/max

95% Cl Median Min/max 95% CI Median Min/max 95% CI

TBS per cleaning method,

pretreatment, and aging Pretreatment Initial

ALO.1 21.2°801 11.3/36.6
GPO.1 19.5%  1.7/32.7
ALO.4 25754 17.3/48.0
GP0.4 20.7°%F  10.8/44.1
Control 2740 17.6/42.2
Pretreatment  Artificial aging

ALO.1 13.9%871 53/253
GPO.1 18.8%  10.2/34.7
ALO.4 3569 25.0/43.7
GP0.4 17.9%F  8.3/22.7
Control 36.8°  23.3/41.9

(16;27) 16.2°%  8.0/35.6 (11;23) 30.6"3% 18.6/37.7 (25;34)
(12;24) 13.9°5Y  2.6/27.4 (8;20) 26.0°  6.2/39.1 (18;31)
(22:35) 27.6™  13.5/40.6 (21;34) 38.0°* 31.5/442 (34;40)
(16;30) 18.6°A% 8.5/38.8 (16;30) 33.5'® 20.1/46.5 (27;37)
(23;33) 31.0°"  21.5/41.5 (26;34) 24.8°1 20.3/36.2 (22;30)

(10; 18) 17.6"P" 1.7/36.6  (10;33) 26.7°%F" 17.1/38.6 (24;34)
(14;25) 9.5%BY 05257 (4;18) 204 9.8/41.8 (17;29)
(30;38) 35.3*A% 238/41.0 (29;37) 35.7°A% 29.5/49.5 (32;41)
(14;20) 15.9°A%1 10.3/28.6 (13;22) 30.3**Pi 19.0/38.8 (25;33)
(31:39) 350 29.0/41.0 (31;37) 34.8 26.3/442 (30;38)

#Not normally distributed. “°Different lowercase letters present significant differences between the clean-

ing methods within one pressure,

powder, and aging group. “EDifferent uppercase letters present sig-

nificant differences between the applied pressure within one powder, cleaning method, and aging group.
“PrDjifferent letters present significant differences between pretreatments (1-5) within one cleaning method
and aging group. “'Different letters present significant differences between the applied powder within one
pressure, cleaning method, and aging group. "'Different letters present significant differences between the
aging regime within one pressure, powder, and cleaning group

groups pretreated with glass pearls (p <0.001-0.026) or pre-
treated with alumina after thermocycling (p =0.004).

When comparing the different pretreatments 1 to 5, the
highest values were observed in groups pretreated with
AL0.4 (p<0.001-0.019), except for BUT-cleaned initially
tested specimens (p <0.017), while pretreatment with GP0.1
showed the lowest values (p <0.001-0.029).

Regarding the powder, pretreatment with AL0.4 showed
higher values than GP0.4 (p <0.001-0.010) in aged groups.
Thermocycled groups cleaned with CEN or BUT and pre-
treated with ALO.1 presented higher values than GPO.1
(»<0.001-0.012). BUT-cleaned initially tested specimens,
pretreated with ALO.1, led to higher values than GPO.1
(p=0.010), whereas pretreatment with GP0.4 (p=0.019)
led to higher values compared to ALO.4.

Regarding the aging regime, thermocycling increased
SBS values (p <0.001-0.029) when cleaned with ISO or
CEN and pretreated with alumina. In addition, the control
group (p <0.001-0.002) and BUT-cleaned specimens pre-
treated with ALO.4 (p <0.001) showed higher values after
artificial aging.

TBS measurements

Regarding the cleaning methods, CEN showed the high-
est values (p <0.001-0.024) except for the control group
(p>0.220) and aged specimens pretreated with ALO.4
(p=0.415). Cleaning with ISO compared to BUT led to
higher values for thermocycled specimens pretreated with
GPO0.1 (p<0.036). Significant differences between CEN and
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ISO were detected in groups pretreated with ALO.1 (p <0.003)
or GP0.4 (p<0.011) and for initially tested specimens pre-
treated with ALO.4 (p=0.017). Cleaning with CEN showed
higher values compared to BUT for groups pretreated with
ALO.1 (»p<0.001-0.004), GPO0.1 (p=0.003-0.007), or GP0.4
(p<0.001-0.029) and for initially tested specimens pretreated
with AL0.4 (p=0.007).

Regarding the pressure level, 0.4 MPa increased TBS val-
ues in groups cleaned with ISO and pretreated with alumina
(»<0.001-0.034) and in artificially aged groups cleaned with
BUT or CEN (p <0.001-0.049). In addition, initially tested,
0.4 MPa led to higher values for BUT-cleaned specimens pre-
treated with glass pearls (p=0.029) and centrifugated speci-
mens pretreated with alumina (p=0.002).

When comparing the different pretreatments 1 to
5, pretreatment with AL0.4 led to the highest values
(p <0.001-0.033), whereas GP0.1 showed the lowest val-
ues (p <0.001-0.049) (Fig. 2).

Regarding the powder, after artificial aging, pretreat-
ment with ALO.4 led to higher values than pretreatment
with GP0.4 (p <0.005). As for the aging regime, ISO-
cleaned specimens pretreated with ALO.1 showed lower
values (p =0.010) after artificial aging. The control group
presented higher values (p <0.001-0.026) after 10,000
thermal cycles.

SFE and Ra

The highest impact on Ra was exerted by pressure (Ra:
1,7=0.610, p<0.001) and followed by powder (Ra: 17,>=0.382,
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Fig.2 Bond strength values (MPa) of all tested groups

p<0.001). Air-abrasion with alumina (p <0.001) or pressure at
0.4 MPa (p<0.001) presented higher Ra values compared to
specimens pretreated with glass pearls or 0.1 MPa pressure. The
highest Ra values were observed by pretreatment with AL0.4
(Table 4).

Fracture types

Digital microscopic images show the four fracture types
evaluated (Fig. 3). 95% CI and percentage of investigated
fracture types are summarized in Tables 5 and 6.

For SBS, predominantly, cohesive fractures within
the 3D-printed resin were observed (40-100%), except
for groups cleaned with BUT or CEN and pretreated
with GP0O.1 where adhesive failures occurred (27-80%).
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Mostly mixed cohesive fractures were observed in cen-
trifugated specimens pretreated with AL0.4. For TBS,
groups showed predominantly cohesive fractures within
the 3D-printed resin or cohesive fractures within the luting
composite, except for groups pretreated with GP0.1, where
adhesive fractures occurred (40-80%).

Discussion

The range of applications of 3D printable resins in dental
practice is excelling fast. However, the use of it as fixed den-
tal protheses requires a permanently stable and durable adhe-
sive bond via a luting composite resin. The bond between the
luting composite resin and 3D-printed resin might depend

Table 4 Descriptive statistics

A " Ra SFE

(median, min/max) and 95% -

confidence intervals (CI) of Pretreatment Median Min/max 95% CI1 Median Min/max 95% CI

measured surface roughness

Ra (um) and SFE on particle- ALO.1 1.36™ 1.19/1.87 (1.23;1.53) 50.55% 45.60/56.10 (48.84;53.21)

abraded specimens GPO.1 1.31° 1.02/1.61 (1.21;1.51) 49.80° 46.70/54.50 (48.25;52.34)
AL0.4 2.23* 2.03/2.59 (2.12;2.38) 49.95% 46.30/50.90 (48.26;50.59)
GP0.4 1.52° 1.12/2.18 (1.34;1.83) 49.90* 43.90/50.80 (46.59;50.42)

#Not normally distributed. “°Different letters present significant differences between pretreatment groups

(1-4)
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Fig. 3 Digital microscope
images of adhesive (top left),
cohesive within the luting com-
posite resin (top right), cohesive
within the 3D-printed resin
(bottom left), and mixed cohe-
sive (bottom right) fractures

on the post-processing procedures applied to the resin. A
variety of cleaning methods and air-abrasion possibilities
exists to be used with 3D-printed resin, all of which have
not been researched so far in this context. With the present
investigation, some of most promising combinations of these
have been considered. Based on t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>