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Abstract: The marginal accuracy of fit between prosthetic restorations and abutment teeth represents
an essential aspect with regard to long-term clinical success. Since the final gap is also influenced by
the luting techniques and materials applied, this study analyzed the accuracy of the fit of single-tooth
zirconia copings before and after cementation using different luting materials. Forty plaster dies with
a corresponding zirconia coping were manufactured based on a single tooth chamfer preparation.
The copings were luted on the plaster dies (n = 10 per luting material) with a zinc phosphate (A),
glass—ionomer (B), self-adhesive resin (C), or resin-modified glass—-ionomer cement (D). The accuracy
of fit for each coping was assessed using a non-destructive digital method. Intragroup statistical
analysis was conducted using Wilcoxon signed rank tests and intergroup analysis by Kruskal-Wallis
and Mann-Whitney U tests (x = 0.05). Accuracy of fit was significantly different before/after
cementation within A (0.033/0.110 pm) and B (0.035/0.118 pum; p = 0.002). A had a significantly
increased marginal gap compared to C and D, and B compared to C and D (p < 0.001). Significantly
increased vertical discrepancies between A and B versus C and D (p < 0.001) were assessed. Of
the materials under investigation, the zinc phosphate cement led to increased vertical marginal
discrepancies, whereas the self-adhesive resin cement did not influence the restoration fit.

Keywords: marginal fit; zirconia; self-adhesive resin cement; glass-ionomer cement; resin-modified
glass—ionomer cement; zinc phosphate cement; CAD-CAM technology; ceramics; dental materials;
prosthodontics

1. Introduction

Indirect all-ceramic restorations can realistically imitate natural human teeth, and
therefore enjoy a very high popularity among dentists as they satisfy the increasing aesthetic
demands of patients nowadays [1,2]. In this context, the spectrum of treatment methods
and processing technologies must be continuously improved in order to optimally combine
optimized functionality, biocompatibility, and the aesthetics of these ceramic materials [3,4].

There is a general digital transformation occurring within everyday dental practice,
accompanied by an increasing interest in computer-assisted processes for the fabrication of
dental prostheses in order to offer a standardized manufacturing chain with improved tech-
nical and biological properties of the component [5]. Considering this, the Computer-Aided
Design (CAD)/Computer-Aided Manufacturing (CAM) fabrication of ceramic restora-
tions is usually carried out by subtractive processes in which the workpiece is milled
out of an industrially prefabricated blank [3]. The subtractive milling process is an ad-
vanced technique for the fabrication of ceramic restorations that has been proven over
more than two decades [3,6,7]. CAD/CAM technology was pioneered and introduced to
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dentistry by Francois Duret in 1971 with his theoretical and experimental research on the
computer-assisted manufacturing crowns. In 1980, Mérmann and Brandestini started with
the development of a CAD/CAM system with an intraoral camera, a design computer and
a milling unit using a ceramic block for manufacturing inlays at chair-side. Their research
led in 1985 to the CEREC system (Dentsply Sirona, Bensheim, Germany). Based on these
technologies, further chair- and lab-side dental CAD/CAM systems were developed [8].
The manufacturing of dental prostheses can also be performed using additive processes.
In the field of dentistry, there are two main technologies that are widely used. One of
them is stereolithography (SLA), which is typically utilized to create models, aligners, and
provisional structures. The other is direct metal laser sintering (DMLS), which has the
capability to produce metal dental crowns and appliance frames [9].

In contemporary dental practices, silicate and oxide ceramics are the preferred mate-
rials for the subtractive milling of crowns and bridges. Due to their superior mechanical
stability, oxide ceramics are frequently selected as the material of choice for a wide range of
dental applications [10]. Oxide ceramics consist of a pure polycrystalline phase without
any glass phase. Today, zirconium oxide (ZrO,) is predominantly used, to which 3 mol%
yttria (Y,O3) is added in order to stabilize the crystals in the tetragonal crystal phase at
room temperature (yttria-stabilized tetragonal zirconia polycrystals, Y-TZP) [10]. At3 mol%
yttria, dental zirconium oxide ceramics (3Y-TZP) exhibit the highest fracture toughness.
However, these ceramics are almost opaque due to the birefringence of the tetragonal
crystals and the numerous grain boundaries [10]. They are suitable only as framework
structures for single crowns or multi-unit veneered bridges, which must be veneered with
silicate ceramics. The aesthetics of these veneered restorations are unrivaled. However,
chipping of the veneer often occurs. An alternative to minimize fracture risk is to fabricate
the restoration monolithically. Adding 4 and 5 mol% of yttrium oxide (4Y- and 5Y-TZP)
decreases the proportion of zirconium oxide crystals in the tetragonal phase, and the pro-
portion of cubic crystals and grain sizes increases. Zirconium oxide becomes translucent
and more aesthetic, but fracture toughness decreases [11]. These modern 4Y and 5Y-TZP
zirconium oxide ceramics with color gradients in combination with coloring techniques
and dental expertise allow for monolithic restorations that are aesthetically more than
satisfactory [12].

In this regard, the marginal accuracy of fit between crowns or fixed partial dentures
and abutment teeth, which was defined by Holmes et al. [13] as the linear distance from
the edge of the restoration to the preparation margin of the die, has been well-known for a
long time, and represents an essential aspect with regard to the long-term clinical success
of prosthetic restorations. The marginal measuring distance extends 1 mm in the direction
of the lumen from the edge of the preparation and restoration, respectively [14,15]. The
authors also determined the absolute marginal discrepancy (xyz), which results from the
angular combination of the vertical and horizontal marginal discrepancy as the hypotenuse
of a right-angled triangle, as the margins of fixed restorations often exhibit over- or under-
extension [13]. For milled restorations, the vertical fit is influenced by the number of axes
of the milling machine [16]. Inadequate crown margins can lead to gingival inflammation,
which results in periodontal disease or secondary caries of the abutment tooth due to the
washout of the luting material [1,17-20]. In addition, deviations in fit can cause increased
stress within the restorative material, which can reduce the strength of the material and
cause failure by fracture [1,21]. In the literature, previously non-evidence-based recommen-
dations of a clinically acceptable marginal gap vary from 50 to maximum tolerance values
of 120 pm under clinical conditions [22]. However, a certain amount of space is required
during insertion for cementation of the restoration, and this is unavoidable [23]. At the
same time, the applied luting technique and the properties of the corresponding luting
materials, as well as their flow behavior during the cementation process, can influence the
final size of the marginal gap [24-26].

Basically, a distinction can be made between luting cements and composites for the
final cementation of restorations; the former can be further divided into conventional
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and modified luting materials. Common conventional luting materials include phos-
phate and glass—ionomer cements based on an acid-base reaction in which the bond is
reinforced by the retention and resistance of the restorative abutment teeth by means of
microretentions [27-30]. As this class of materials has evolved to expand the range of
applications and improve properties, modifications have been made, resulting in the in-
troduction of resin-modified, metal-reinforced, and high-viscosity materials. In particular,
resin-modified glass—ionomer cements have entered the market as luting cements. The
polymerization of these two-component materials, consisting of a photopolymerizable
monomer, ionizable glasses, and water, is also based on an acid-base reaction [31-35]. In
contrast, composites are used for the adhesive cementation of indirect restorations via both
microretentions and chemical bonding. The classic representatives require conditioning of
the tooth, whereas the newer, self-adhesive composites interact chemically and physically
with the tooth surface [36]. Preheating composite resin for luting procedures is used to
reduce material viscosity and improve restoration setting [37].

The final film thickness of the luting material is important, as failure to meet this
required standard would result in poor seating of the restoration, disrupting both functional
and occlusal relationships [38]. Ideally, the material that is used should be able to flow out
to a low film thickness, which is influenced by various factors, such as the size and shape
of the filler particles, the viscosity in the uncured state, and the setting rate [39,40]. The
International Organization for Standardization (ISO) defines various standards for dental
luting materials, such as requirements and test methods for powder/liquid acid-base dental
cements [41], water-based resin-modified cements [42], and polymer-based materials with
adhesive components [43,44]. The mentioned norms require a maximal film thickness of
25 um for acid-base dental cements and 50 um for resin-based luting materials [45].

However, film thickness measurements set up following the aforementioned ISO
norms do not consider the effects of the geometry of the abutment and the crown on the
material flow. Different studies regarding the internal fit of luted restorations can be found
in the literature, but none of them have used non-destructive methods and different classes
of luting materials.

Therefore, the present study investigated the extent to which different luting cements
and materials influence the resulting marginal accuracies of CAD/CAM-milled zirco-
nia single-tooth restorations after subtractive fabrication using a digital non-destructive
method. The first hypothesis was that there is no difference in the fit of a particular zirconia
single-tooth restoration before and after cementation. The second hypothesis was that there
is no difference in the fit of the different zirconia single-tooth restorations after cementation.

2. Materials and Methods

The measurements carried out in this in vitro investigation were based on a metal
master model, which corresponded to an in vivo chamfer preparation of a single tooth to
derive an all-ceramic single crown.

Consequently, a total of 40 individual double mix impressions were taken from this
master model using an addition-cured polyvinyl siloxane (AFFINIS PRECIOUS light und
regular body, Coltene/Whaledent AG, Altstaetten, Switzerland), which were then poured
with Class IV super hard stone (GC Fujirock EP Classic, GC, Tokyo, Japan). The individual
plaster dies were digitized with a dental model scanner (Dental Wings 3SERIES, Dental
Wings Inc., Montréal, QC, Canada) and DWOS 5.0.1.3084 Software (Dental Wings Inc.)
used for the further CAD design of anatomically reduced zirconium oxide crown copings.
During the manufacturing process, the marginal gap parameter of all crown copings was
set to 20 um, whereas the basic parameters amounted to a minimum layer thickness of
0.5 mm, a margin thickness of 0.25 mm, and vertical and horizontal placeholders for the
cement of 40 pm each for all crown copings.

To three-dimensionally (3D) measure the fit between the crown copings and the plaster
dies, optical object registration was performed using an ATOS Triple Scan (GOM GmbH,
Braunschweig, Germany) non-contact blue-light industrial scanner. For this purpose, the
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plaster dies were equipped in advance with high-contrast reference points with a diameter
of 0.4 mm (GOM GmbH) to enhance the precision of the subsequent scanning process. All
scanning procedures were conducted by the same experienced clinician.

In accordance with the triple scan protocol of Holst et al. and Matta et al. [46,47], for
each case, four single scans were taken of the corresponding dies and crown copings so that
the copings could be positioned correctly on a virtual plane before and after cementation.
First, all of the plaster dies and crown copings were optically scanned separately; the crown
copings were coated in advance with a thin layer of a mixture of 90% ethanol and pure
titanium dioxide powder using an airbrush to reduce possible light reflection, and then
fixed in a specially calibrated measuring frame (Reference frame, GOM GmbH).

Subsequently, the copings on the plaster dies, which were fixed in the adapted position
with adhesive wax (Supradent-Wax, Anton Gerl GmbH, Munich, Germany) before cemen-
tation, were scanned together before and after definitive cementation. The cementation
procedures were performed under a constant punch pressure of 10 N in a standardized
manner using a rondel construction [48,49]. All cementation procedures were performed
by the same experienced clinician who had previously performed the scanning procedures.

As the dependence of the selected luting material on the fit of the crown copings
was also investigated in this study, four different luting materials were selected, each
cementing 10 crown copings in self-cure mode: a zinc phosphate cement (HOFFMANN’S
READY2MIX ZINC PHOSPHATECEMENT NORMAL, Hoffmann Dental Manufaktur,
Berlin, Germany—Group A), a glass—ionomer cement (Ketac Cem Aplicap, 3M, St. Paul,
MN, USA—Group B), a self-adhesive resin cement (RelyX Unicem 2 Automix, 3M, St. Paul,
MN, USA—Group C), and a resin-modified glass—ionomer luting cement (GC FujiCem
2 Automix, GC, Tokyo, Japan—Group D). The luting materials under investigation, batch
numbers, composition, filler sizes, and film thickness as disclosed by the manufacturers are
listed in Table 1.

Surface Triangulation Language (STL) file formats were generated from the obtained
data, which generally exhibited an average measurement error of 3 pm due to the scanning
method and virtual object registration [46]. With the aid of the GOM “Inspect Professional”
software 2017 (GOM GmbH), a virtual surface and section analysis could be performed.
Therefore, the individual scans of the plaster dies and crown copings were virtually super-
imposed on the jointly digitized dies and copings before and after cementation (“matching”)
and finally aligned with high precision for data comparisons using the local best-fit func-
tion. In the following step, a marginal surface of the copings was defined, which extended
1 mm parallel to the crown margin in the direction of the lumen, so that a 3D surface
analysis of the marginal fit accuracies could be performed. Subsequently, discrepancies in
this area from the virtual plaster dies as reference models could be calculated by an area
comparison and visualized using a color plot. Following this procedure, a surface analysis
was performed for the condition before and after cementation so that the respective fits
could be compared (Figure 1).

In addition, a two-dimensional (2D) examination of the margin fit of the crown copings
was performed, so the matched files before and after cementation were virtually split into
20 sectional images at 18° intervals. By creating a coordinate system, it was possible to
calculate the vertical, horizontal, and absolute marginal discrepancies (Figure 2).

In the statistical analysis, the measurements before and after cementation of the crown
copings were compared using Wilcoxon signed rank tests. The differences in the situations
before and after cementation were calculated and compared between the four groups. For
this purpose, a global Kruskal-Wallis test was performed and pairwise group comparisons
carried out with Mann-Whitney U tests. The mean values of the 20 repeated measurements
were used for the statistical tests of the 2D measurements. The statistical analysis was
performed using statistical software R 4.0.3 [50] with a significance level of 0.05.
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Figure 1. (1) Analytical protocol consisting of four scans in each case: single scan of the plaster die,
single scan of the ceramic crown coping, scan of the adapted coping on the die in its final position
before cementation, and scan of definitively cemented coping on the die. (2) Virtual superimposition
of the individual scans (plaster dies, crown copings) with the situations before and after cementation.
(3) Surface analysis of the entire and the marginal gap between the crown coping and the plaster die
before and after cementation. (4) False color scale to visualize the discrepancies (mm) as color-coded
distance maps. Green areas indicate deviations between 0 and 50 um, yellow areas show deviations
from 50 to 100 um, and red areas highlight deviations of more than 100 um.
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Table 1. Manufacturer’s specifications of the luting materials investigated.

HOFFMANN'’S

ng READY2MIX Jetac Cem e Autom GC Fuji-Cem 2
ateria NORMAL plicap nicem 2 Automix
Material type Zinc phosphate Glass— Self-adhesive resin Resm—'mod1f1ed
ionomer glass—ionomer
Manufacturer ﬁzgumfigu?grﬁéH M, M, G,
. ! St. Paul, MN, USA St. Paul, MN, USA Tokyo, Japan
Berlin, Germany
Shade Yellow Yellow A2 Light Yellow
Lot number N.A. 529059 574731 141211A
Base paste:
Phosphorylated )
Powder: methacrylate monomers, Iljlalj:)er(iiumino-
Glass powder, methacrylate monomers, silicate olass
Powder: pigments silanized fillers, initiat rgUD,M A
Zinc oxide, initiators, stabilizers, dimz tﬁa,cr late ’
Composition magnesium oxide Liquid: rheology additive . yate
Water, pigments, silicon
Liquid: Acrylic acid/Maleic ~ Catalyst paste: g;(:t(;d; , inhibitor
Ortho-phosphoric acid  acid Methacrylate monomers, Silicon aioxi de UDMA
copolymer, tartaric ~ basic and silanized . / ’
dimethacrylate,

acid, preservative

fillers, initiators,
stabilizers, pigments,

initiator, inhibitor

rheology additive
Filler particle size N.A. <12 um <9.5 um N.A.
Film thickness N.A. 16 +1 um 13 um N.A.

Evaluation_point_6_cem
1 Ist  Abw. Prifung
dxrz +0.036
dn +0.025
2z -0.588 -0.563 +0.025
Evaluation_point_7_cem
1 Soll Ist  Abw. Prifung
dxrz +0.028
dn +0.023
z -0.437 _-0420 +0.017
Evaluation_point_8_cem
1 Soll Ist  Abw. Prifung
dxvz +0.012
dn +0.009
2z -0.025 -0.018 +0.007
Evaluation_point_9_cem
1 S Ist| Abw. Prifung
dxvz +0.022
an +0.020
z +0.534_+0.543 +0.009
Evaluation_point_6_noncem
1 Soll Ist  Abw. Prifung
dxvz +0.008
dn +0.007
2 -3.738 -3.734_+0.004
Evaluation_point_7_noncem
1 Soll Ist  Abw. Prifung
dxvz +0.007
dn -0.002
2 -3.552 -3.558 -0.007
Evaluation_point_8_noncem
1 Soll Ist  Abw. Prifung
axvz +0.018
N +0.015
2z -3.349 -3.340 +0.009
Evaluation_point_9_noncem

Soll Ist  Abw. Prifung
dxvz +0.024
dn +0.022
2 -2.799  -2.790 +0.009

Figure 2. Visualization of the 2D sectional examination through the die with the 20 virtually posi-

tioned sections (a,d) and representation of the constructed coordinate system between coping and

preparation margin of the plaster die (b,e). z = vertical marginal discrepancy from the most inferior

edge of the coping to the outermost edge of the die, n = horizontal marginal discrepancy from the

determined perpendiculars of the most inferior edge of the coping as well as the outermost edge

of the die, xyz = absolute marginal discrepancy as a 2D vector of the vertical (z) and horizontal (n)

discrepancy. An illustration of the 2D marginal deviations (c,f) of the coping before (d—f) and after

cementation (a—c) is also provided.



Materials 2024, 17, 2130

7 of 14

3. Results

The 3D measurements of the crown copings before and after cementation (Table 2),
compared by Wilcoxon signed rank tests, illustrate significant differences within Group
A (deviation in pm: 0.033 % 0.004 before vs. 0.110 £ 0.049 after cementation, p = 0.002)
and Group B (deviation in pm: 0.035 =+ 0.005 before vs. 0.118 £ 0.048 after cementation,
p = 0.002). To determine the influence of the selected luting material on the resulting fit, and
thus the discrepancies between the four groups, the differences in the respective situations
were calculated and compared between the groups using the global Kruskal-Wallis test
and pairwise group comparisons with Mann-Whitney U tests. Group A (difference in
um: 0.077 & 0.049) exhibited a significantly larger marginal gap (p < 0.001) than Group C
(difference in um: 0.001 = 0.008), and Group D (difference in um: 0.001 = 0.012). In addition,
a significantly larger deviation was observed in Group B (difference in pm: 0.083 + 0.046)
compared to Group C (p < 0.001) and Group D (p = 0.001; Figure 3).

Table 2. Descriptive statistics of the 3D measured values of the marginal fit in pum, the corresponding
standard deviations (SD), the maximum and minimum values (Max, Min) and the p-values when
comparing the two time points before and after cementation for all groups (Group A-D).

3D Analysis of the Marginal Fit (um) before and after Cementation

Group Mean SD Min Max p-Value
p bef 0.033 0.004 0.028 0.038
% efore cem . . . . 0.002
3 aftercem  0.110 0.049 0.059 0.210
m
% before cem  0.035 0.005 0.031 0.043 0.002
3 after cem 0.118 0.048 0.039 0.188
@]
% before cem  0.042 0.005 0.035 0.053 10
2 .
3 after cem 0.042 0.007 0.033 0.058
2 bef 0.038 0.003 0.035 0.042
% efore cem . . . . 0729
3 aftercem  0.040 0.012 0.027 0.067

0.20 -
p<0.001

p=0.001
0.15

N -

0.00 I |

3D Marginal discrepancies [um]

p<0.001

p<0.001

T T T
Group A Group B Group C Group D

Figure 3. Comparison of marginal 3D differences between the four study groups (A-D) using
boxplot diagrams.

In the course of the 2D examinations (Table 3) of the marginal fit at the two time
points before and after cementation of the copings, significant differences were elicited
in the vertical dimensions within Group A (deviation in um: 0.030 & 0.015 before vs.
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0.193 £ 0.146 after cementation, p = 0.002) and Group B (deviation in pm: —0.004 + 0.015
before vs. 0.164 & 0.092 after cementation, p = 0.002). In contrast, the horizontal marginal
discrepancies differed significantly only within Group B (discrepancy in pm: 0.010 £ 0.006
before vs. 0.020 =+ 0.009 after cementation, p = 0.002).

Table 3. Mean values of the data of the 2D virtual analysis of the vertical, horizontal and absolute
marginal discrepancy in pm before and after cementation for all groups (Group A-D). Furthermore,
representation of the calculated standard deviations (SD), the maximum and minimum values (Max,
Min) and the p-values when comparing the respective data series.

2D Analysis of the Marginal Fit (um) before and after Cementation

Parameter Group Mean SD Min Max p-Value
A before cem 0.030 0.015 —0.002 0.052 0.002
after cem 0.193 0.146 0.051 0.551 )
= B before cem —0.004 0.015 —0.025 0.017 0.002
go after cem 0.164 0.092 0.011 0.291 )
g E‘ C before cem 0.018 0.007 0.008 0.031 0322
= 8 after cem 0.026 0.020 —0.003 0.064 )
o]
=l b beforecem  0.011 0.002 0.007 0.014 0846
25 after cem 0.013 0.025 —0.014 0.057 :
A before cem —0.021 0.014 —0.049 0.002 0932
_ after cem —0.017 0.019 —0.046 0.015 ’
<
go B before cem 0.010 0.006 0.003 0.024 0.002
§ after cem 0.020 0.009 0.006 0.038 )
= ? c before cem 0.018 0.005 0.009 0.026 0.126
g =3 after cem 0.014 0.006 0.008 0.026 )
)
'% g D before cem 0.012 0.003 0.009 0.017 0.922
anits after cem 0.013 0.006 0.006 0.023 )
A before cem 0.045 0.014 0.031 0.076 0.002
after cem 0.207 0.148 0.076 0.570 )
75 B before cem 0.031 0.005 0.026 0.042 0.002
50 after cem 0.187 0.094 0.048 0.319 :
[}
g ? c before cem 0.028 0.009 0.014 0.041 0131
% s after cem 0.037 0.016 0.021 0.070 :
= D
:2 3! D before cem 0.017 0.003 0.012 0.023 0.002
<5 after cem 0.038 0.016 0.021 0.075 :

Regarding the absolute marginal discrepancy, significant differences were established
not only within Group A (deviation in um: 0.045 4 0.014 before vs. 0.207 £ 0.148 after
cementation, p = 0.002) and B (deviation in um: 0.031 & 0. 005 before vs. 0.187 = 0.094 after
cementation, p = 0.002), but also within Group D (deviation in um: 0.017 = 0.003 before vs.
0.038 & 0.016 after cementation, p = 0.002).

For the statistical comparison of the 2D measurements between the respective groups,
the differences in the averaged values were used. Groups A (difference in um: 0.164 + 0.146)
and B (difference in um: 0.169 & 0.087) showed significantly larger vertical marginal de-
viations (p < 0.001) than Groups C (difference in pm: 0.009 = 0.018) and D (difference in
pum: 0.002 % 0.025). Concerning the horizontal deviations, significant differences (p = 0.038)
were observed when comparing Groups A (difference in pm: 0.004 £ 0.008) and C (dif-
ference in pm: —0.004 =+ 0.007). In addition, Group B (difference in pm: 0.009 £ 0.006)
exhibited significantly larger horizontal discrepancies than Groups C (p < 0.001) and D
(difference in um: 0.001 % 0.006, p = 0.004). With regard to the comparison of absolute
marginal discrepancies between all groups, significantly larger discrepancies were found
for Groups A (difference in pm: 0.162 £ 0.150) and B (difference in um: 0.155 =+ 0.095)
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compared to Groups C (difference in um: 0.009 £ 0.017, p < 0.001) and D (difference in pm:

0.022 4+ 0.017, p < 0.001 and p = 0.002, Figure 4).

Vertical marginal discrepancy

OShi <0.001

©

<0.001

0.4

N -

0.0 =_——

2D Marginal discrepancies [um]

<0.001

<0.001

s

-0.21

T
Group A Group B Group C

Horizontal marginal discrepancy

T
Group D

<0.001

i) 0.004

0.02 -

2D Marginal discrepancies [um]

o
-0.02
0.038
-0.04
B
T T
Group A Group B Group C Group D
Absolute marginal discrepancy
oo <0.001
_ & 0.002
£
=
» 04
D
o
€ o A
-3
o
3 02
2
: | I
43
[ o o
S oo
Q
~N
<0.001
ond <0.001 ; c
T T
Group A Group B Group C Group D

Figure 4. Comparison of marginal 2D differences with regard to the vertical (A), horizontal (B) and
absolute marginal discrepancies (C) between the four study groups (A-D) using boxplot diagrams.

4. Discussion

This study aimed to identify the most commonly used materials for luting macroreten-
tive zirconia restorations in dental practice. It selected different representative materials
and mixing modes for the applications. Group A involved hand-mixing zinc phosphate
cement, which is widely used in dental practices due to its cost-effectiveness and long shelf
life. Group B included glass—ionomer as a capsule mix material. Group C investigated the
effectiveness of a gold standard self-adhesive automix resin cement, and Group D evaluated
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a representative resin-modified glass—ionomer cement (RMGIC). A laboratory scanner was
employed to standardize the models’ digitization and produce the crowns. Using natural
teeth as die material would have complicated the repeatability of preparing the same die.
Therefore, gypsum replicas were manufactured instead. The laboratory scanner yielded
more reproducible scan results compared to an intraoral scanner due to standardized scan
paths. Conversely, the paths with the intraoral scanner can exhibit greater variability from
one scan to another.

The measurement technology applied in this study was based on the virtual superim-
position of STL data sets for the corresponding crown copings with the plaster dies before
and after cementation as a result of optical data generation, and this enabled quantitative,
non-destructive marginal 3D fitting, as well as 2D section analysis. The triple scan protocol
described by Holst et al. [46] enabled a large number of measurement points to be gener-
ated, and the marginal fit could also be evaluated based on the horizontal marginal, vertical
marginal, and absolute marginal fit discrepancies, ensuring reliable results of increased
significance. Nevertheless, optical scanning and evaluation systems may be influenced
by system-related or external aspects, such as the surface quality or the scan depth of the
objects, and no absolute accuracy of the measurements can be achieved [46].

The first hypothesis was that there is no difference in the fit of a zirconia single-tooth
restoration from before to after cementation within the same luting material. This hy-
pothesis has to be partially rejected, as Group A (zinc phosphate cement) and Group B
(glass—ionomer cement) had significantly increased 2D and 3D marginal fit discrepancies
after cementation. As stated by Jorgensen, the thickness of zinc phosphate cement between
restoration and tooth and, thus, the marginal fit of crowns is influenced by cementation
pressure and duration, cement viscosity, temperature, and preparation taper influence [51].
Among all of the materials under investigation, the luting material of Group A was mixed
by hand. Following the manufacturer’s recommendations, a determined powder-to-liquid
ratio was mixed to obtain the cement. Despite the use of measuring aids such as scoops
and dropper bottles, hand mixing has been repeatedly reported to lead to improper mix-
ing ratios, which influences different material properties, including cement viscosity and
working time [52,53]. Walton reported that significantly different film thicknesses were
measured, even by experienced clinicians under standardized ambient conditions and
mixing instruments, and pre-weighted liquid and powder [54]. For Group A, the mea-
sured vertical marginal discrepancy increased by 0.163 pm after cementation. Considering
that the actual minimum thickness detected between teeth during occlusion (minimal
interdental threshold) is 17 pm, the increase in vertical marginal discrepancy for Group
A would represent significant occlusal interference [55]. Under clinical circumstances, a
time-consuming occlusal adjustment would be necessary. Furthermore, a marginal gap
wider than 120 um is not recommended [22]. It is very likely that, in Group A, the problems
resulting from suboptimal mixing combined with the relatively low cement gap of the
restorations (40 um) led to increased 3D, 2D vertical (z), and absolute margin discrepancies
(xyz). This lack of marginal fit calls into question the suitability of zinc phosphate cement
with modern high-fit CAD/CAM restorations when other luting materials are easier to
apply, and achieve a better fit after cementation under the same conditions. However,
in contrast to Group A, this is a glass—ionomer cement in capsule mix form. In this case,
mixing-induced problems in viscosity and setting properties cannot be responsible for the
increased marginal discrepancies. The restorations in the present study have a relatively
narrow cement gap, resulting in a tight fit (between 0.033 and 0.042 pm 3D marginal
fit). The literature shows that tighter-fitting restorations will have increased vertical lift;
in the present case, there was an increased vertical marginal discrepancy (0.160 um for
Group B) [56]. The tighter fit, in combination with the probably too-high viscosity of the
glass—ionomer, may have reduced the material’s outflow and led to the restoration tilting,
resulting in the significantly increased horizontal marginal discrepancy.

Only Group C (self-adhesive resin cement) and Group D (resin-modified glass-ionomer
cement, except for the absolute marginal discrepancy) had any influence on the marginal
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fit. Both materials are delivered in automix canulae, where the catalyst and base paste
are mixed. Mixing the pastes in an automix syringe requires optimized rheology, which
results in cementation without affecting the marginal fit [57]. The self-adhesive resin luting
material can be recommended for clinical use in terms of marginal fit. In addition, the
self-adhesive cement generated the most robust adhesion to zirconia among all of the luting
materials under investigation due to chemical bonds between its phosphomethacrylates and
the zirconia and tooth substrates [58-60]. The investigated resin-modified glass—ionomer
was superior to the zinc phosphate and glass—ionomer cement in regard to marginal fit.
However, some older resin-modified glass—ionomers were prone to swelling and hydrolytic
degradation due to their hydrophilic monomer content [61,62]. Whether this applies to the
modern representatives of this material class needs to be investigated.

Despite the productive and interesting findings, it is imperative to acknowledge
the limitations of the current study. Although a representative selection of fastening
materials was made, incorporating a substantial portion of those currently available, it only
encompasses a fraction of the variety accessible today. Additionally, factors such as the
geometry of the tooth die, i.e., the convergence angle, the inner transitions, and the design
of the preparation margin, may influence cement flow behavior. Consequently, while the
study’s results remain valid, they should be interpreted in light of these considerations.

The results of the present study suggest that the influence of luting materials on
the fit of restorations is a complex issue. All investigated materials meet their respective
ISO norms, especially for film thickness. However, the ISO method does not seem to
be able to offer absolute conclusions about how the fit of the restoration is ultimately
influenced. As can be seen from the literature, a large number of factors, in addition to
the film layer thickness, are involved. Investigating and standardizing these influencing
factors (convergence angle, preparation margin, cement, and margin gap) should be the
subject of further investigations to precisely match the properties of the luting materials
and thus achieve a perfect fit. The method used here may be helpful for this purpose.

5. Conclusions
Within the limitations of the present study, the authors drew the following conclusions:

- The digital non-destructive method was able to detect the influence of the luting
material on the fit of a zirconia single-tooth restoration before and after cementation;

- The zinc phosphate cement led to increased vertical marginal discrepancies;

- Only the self-adhesive luting resin did not influence the fit of the restoration after
cementation, and can be clinically recommended.

Author Contributions: Conceptualization, L.B., R.-E.M., M.W. and ].1.Z.; methodology, L.B., R.-E.M,,
C.M.W. and J.I.Z,; software, L.B., R-E.M. and C.M.W.; validation, R.-E.M., CM.W. and M.W.; formal
analysis, L.B.,, CM.W.,, WA. and ].L.Z,; investigation, C.M.W.,; resources, R.-E.M., W.A. and M.W.;
data curation, L.B., CM.W., WA. and ].I.Z.; writing—original draft preparation, L.B. and J.1.Z,;
writing—review and editing, L.B., R.-E.M. and ].I.Z.; visualization, L.B., R.-E.M. and CM.W. and
J.L.Z.; supervision, R-E.M. and M.W,; project administration, R.-E.M. and M.W.,; funding acquisition,
R.-E.M. and M.W. All authors have read and agreed to the published version of the manuscript.

Funding: The materials and statistical analysis of the study’s data were funded by the ELAN
Foundation of the FAU Erlangen-Nuremberg.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data sets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: The authors gratefully acknowledge the ELAN Foundation of the FAU Erlangen-
Nuremberg for funding the materials used for this investigation and the statistical analysis of the
data collected.



Materials 2024, 17, 2130 12 of 14

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

Abbreviations

CAD  Computer-Aided Design

CAM  Computer-Aided Manufacturing
3D Three-dimensional

2D Two-dimensional

STL Standard Transformation Language
Mean Mean distance

SD Standard deviation

Min Minimum distance

Max Maximum distance

References

1. Pak, H.S.; Han, ].S.; Lee, ].B.; Kim, S.H.; Yang, ].H. Influence of porcelain veneering on the marginal fit of Digident and Lava
CAD/CAM zirconia ceramic crowns. J. Adv. Prosthodont. 2010, 2, 33-38. [CrossRef] [PubMed]

2. Takeichi, T.; Katsoulis, J.; Blatz, M.B. Clinical outcome of single porcelain-fused-to-zirconium dioxide crowns: A systematic
review. J. Prosthet. Dent. 2013, 110, 455-461. [CrossRef] [PubMed]

3. Silva, L.H.D.; Lima, E.; Miranda, R.B.P; Favero, S.S.; Lohbauer, U.; Cesar, PF. Dental ceramics: A review of new materials and
processing methods. Braz. Oral Res. 2017, 31, €58. [CrossRef] [PubMed]

4. Zhang, Y,; Lawn, B.R. Novel Zirconia Materials in Dentistry. J. Dent. Res. 2018, 97, 140-147. [CrossRef] [PubMed]

5. Beuer, F; Schweiger, ].; Edelhoff, D. Digital dentistry: An overview of recent developments for CAD/CAM generated restorations.
Br. Dent. |. 2008, 204, 505-511. [CrossRef] [PubMed]

6.  Duret, F; Blouin, J.L.; Duret, B. CAD-CAM in dentistry. ]. Am. Dent. Assoc. 1988, 117, 715-720. [CrossRef] [PubMed]

7. Methani, M.M.; Revilla-Leén, M.; Zandinejad, A. The potential of additive manufacturing technologies and their processing
parameters for the fabrication of all-ceramic crowns: A review. J. Esthet. Restor. Dent. 2020, 32, 182-192. [CrossRef] [PubMed]

8.  Miyazaki, T.; Hotta, Y.; Kunii, J.; Kuriyama, S.; Tamaki, Y. A review of dental CAD/CAM: Current status and future perspectives
from 20 years of experience. Dent. Mater. ]. 2009, 28, 44-56. [CrossRef] [PubMed]

9. Javaid, M.; Haleem, A. Current status and applications of additive manufacturing in dentistry: A literature-based review. J. Oral
Biol. Craniofacial Res. 2019, 9, 179-185. [CrossRef]

10. Cesar, PF; Miranda, R.B.P,; Santos, K.F; Scherrer, S.S.; Zhang, Y. Recent advances in dental zirconia: 15 years of material and
processing evolution. Dent. Mater. 2024, in press. [CrossRef]

11. Belli, R,; Hurle, K; Schiirrlein, J.; Petschelt, A.; Werbach, K.; Peterlik, H.; Rabe, T.; Mieller, B.; Lohbauer, U. Relationships between
fracture toughness, Y,Oj3 fraction and phases content in modern dental Yttria-doped zirconias. J. Eur. Ceram. Soc. 2021, 41,
7771-7782. [CrossRef]

12.  Jurado, C.A,; Villalobos-Tinoco, J.; Watanabe, H.; Sanchez-Hernandez, R.; Tsujimoto, A. Novel translucent monolithic zirconia
fixed restorations in the esthetic zone. Clin. Case Rep. 2022, 10, e05499. [CrossRef] [PubMed]

13. Holmes, ].R;; Bayne, S.C.; Holland, G.A.; Sulik, W.D. Considerations in measurement of marginal fit. |. Prosthet. Dent. 1989, 62,
405-408. [CrossRef] [PubMed]

14. Abbate, M.E; Tjan, A.H.; Fox, W.M. Comparison of the marginal fit of various ceramic crown systems. J. Prosthet. Dent. 1989, 61,
527-531. [CrossRef]

15.  Vasiliu, R.D.; Porojan, S.D.; Porojan, L. In Vitro Study of Comparative Evaluation of Marginal and Internal Fit between Heat-
Pressed and CAD-CAM Monolithic Glass-Ceramic Restorations after Thermal Aging. Materials 2020, 13, 4239. [CrossRef]

16. Padros, R.; Giner, L.; Herrero-Climent, M.; Falcao-Costa, C.; Rios-Santos, ].V.; Gil, E]J. Influence of the CAD-CAM Systems on the
Marginal Accuracy and Mechanical Properties of Dental Restorations. Int. ]. Environ. Res. Public Health 2020, 17, 4276. [CrossRef]
[PubMed]

17.  Demir, N.; Ozturk, A.N.; Malkoc, M.A. Evaluation of the marginal fit of full ceramic crowns by the microcomputed tomography
(micro-CT) technique. Eur. J. Dent. 2014, 8, 437-444. [CrossRef]

18.  Felton, D.A.; Kanoy, B.E.; Bayne, S.C.; Wirthman, G.P. Effect of in vivo crown margin discrepancies on periodontal health. J.
Prosthet. Dent. 1991, 65, 357-364. [CrossRef] [PubMed]

19. Jacobs, M.S.; Windeler, A.S. An investigation of dental luting cement solubility as a function of the marginal gap. J. Prosthet. Dent.
1991, 65, 436—442. [CrossRef]

20. Tan, PL.; Gratton, D.G.; Diaz-Arnold, A.M.; Holmes, D.C. An in vitro comparison of vertical marginal gaps of CAD/CAM
titanium and conventional cast restorations. J. Prosthodont. 2008, 17, 378-383. [CrossRef]

21. Balkaya, M.C.; Cinar, A.; Pamuk, S. Influence of firing cycles on the margin distortion of 3 all-ceramic crown systems. J. Prosthet.

Dent. 2005, 93, 346-355. [CrossRef] [PubMed]


https://doi.org/10.4047/jap.2010.2.2.33
https://www.ncbi.nlm.nih.gov/pubmed/21165185
https://doi.org/10.1016/j.prosdent.2013.09.015
https://www.ncbi.nlm.nih.gov/pubmed/24169079
https://doi.org/10.1590/1807-3107BOR-2017.vol31.0058
https://www.ncbi.nlm.nih.gov/pubmed/28902238
https://doi.org/10.1177/0022034517737483
https://www.ncbi.nlm.nih.gov/pubmed/29035694
https://doi.org/10.1038/sj.bdj.2008.350
https://www.ncbi.nlm.nih.gov/pubmed/18469768
https://doi.org/10.14219/jada.archive.1988.0096
https://www.ncbi.nlm.nih.gov/pubmed/3058771
https://doi.org/10.1111/jerd.12535
https://www.ncbi.nlm.nih.gov/pubmed/31701629
https://doi.org/10.4012/dmj.28.44
https://www.ncbi.nlm.nih.gov/pubmed/19280967
https://doi.org/10.1016/j.jobcr.2019.04.004
https://doi.org/10.1016/j.dental.2024.02.026
https://doi.org/10.1016/j.jeurceramsoc.2021.08.003
https://doi.org/10.1002/ccr3.5499
https://www.ncbi.nlm.nih.gov/pubmed/35280077
https://doi.org/10.1016/0022-3913(89)90170-4
https://www.ncbi.nlm.nih.gov/pubmed/2685240
https://doi.org/10.1016/0022-3913(89)90270-9
https://doi.org/10.3390/ma13194239
https://doi.org/10.3390/ijerph17124276
https://www.ncbi.nlm.nih.gov/pubmed/32549291
https://doi.org/10.4103/1305-7456.143612
https://doi.org/10.1016/0022-3913(91)90225-l
https://www.ncbi.nlm.nih.gov/pubmed/2056454
https://doi.org/10.1016/0022-3913(91)90239-s
https://doi.org/10.1111/j.1532-849X.2008.00302.x
https://doi.org/10.1016/j.prosdent.2005.02.003
https://www.ncbi.nlm.nih.gov/pubmed/15798685

Materials 2024, 17, 2130 13 of 14

22.

23.
24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

McLean, ].W.; von Fraunhofer, ].A. The estimation of cement film thickness by an in vivo technique. Br. Dent. |. 1971, 131, 107-111.
[CrossRef] [PubMed]

Christensen, G.J. Marginal fit of gold inlay castings. J. Prosthet. Dent. 1966, 16, 297-305. [CrossRef] [PubMed]

Gavelis, J.R.; Morency, J.D.; Riley, E.D.; Sozio, R.B. The effect of various finish line preparations on the marginal seal and occlusal
seat of full crown preparations. J. Prosthet. Dent. 1981, 45, 138-145. [CrossRef] [PubMed]

Gu, X.H.; Kern, M. Marginal discrepancies and leakage of all-ceramic crowns: Influence of luting agents and aging conditions.
Int. J. Prosthodont. 2003, 16, 109-116. [PubMed]

Kokubo, Y.; Ohkubo, C.; Tsumita, M.; Miyashita, A.; Vult von Steyern, P.; Fukushima, S. Clinical marginal and internal gaps of
Procera AllCeram crowns. J. Oral Rehabil. 2005, 32, 526-530. [CrossRef] [PubMed]

Donovan, T.E.; Cho, G.C. Contemporary evaluation of dental cements. Compend. Contin. Educ. Dent. 1999, 20, 197-199.
Goodacre, C.J.; Campagni, W.V.; Aquilino, S.A. Tooth preparations for complete crowns: An art form based on scientific principles.
J. Prosthet. Dent. 2001, 85, 363-376. [CrossRef]

Hill, E.E. Dental cements for definitive luting: A review and practical clinical considerations. Dent. Clin. North. Am. 2007, 51,
643-658. [CrossRef]

Lad, P.P; Kamath, M.; Tarale, K.; Kusugal, P.B. Practical clinical considerations of luting cements: A review. J. Int. Oral Health
2014, 6, 116-120.

Attin, T.; Vataschki, M.; Hellwig, E. Properties of resin-modified glass-ionomer restorative materials and two polyacid-modified
resin composite materials. Quintessence Int. 1996, 27, 203-209. [PubMed]

Berzins, D.W.; Abey, S.; Costache, M.C.; Wilkie, C.A.; Roberts, H.W. Resin-modified glass-ionomer setting reaction competition. J.
Dent. Res. 2010, 89, 82-86. [CrossRef] [PubMed]

Coutinho, E.; Yoshida, Y.; Inoue, S.; Fukuda, R.; Snauwaert, J.; Nakayama, Y.; De Munck, J.; Lambrechts, P.; Suzuki, K.; Van
Meerbeek, B. Gel phase formation at resin-modified glass-ionomer/tooth interfaces. . Dent. Res. 2007, 86, 656—-661. [CrossRef]
[PubMed]

Leyhausen, G.; Abtahi, M.; Karbakhsch, M.; Sapotnick, A.; Geurtsen, W. Biocompatibility of various light-curing and one
conventional glass-ionomer cement. Biomaterials 1998, 19, 559-564. [CrossRef] [PubMed]

Nagaraja Upadhya, P.; Kishore, G. Glass ionomer cement: The different generations. Trends Biomater. Artif. Organs 2005, 18,
158-165.

Ferracane, J.L.; Stansbury, ].W.; Burke, F]J. Self-adhesive resin cements—Chemistry, properties and clinical considerations. J. Oral
Rehabil. 2011, 38, 295-314. [CrossRef]

Goulart, M.; Borges Veleda, B.; Damin, D.; Bovi Ambrosano, G.M.; Coelho de Souza, EH.; Erhardt, M.C.G. Preheated composite
resin used as a luting agent for indirect restorations: Effects on bond strength and resin-dentin interfaces. Int. ]. Esthet. Dent. 2018,
13, 86-97.

Gupta, A.A.; Mulay, S.; Mahajan, P; Raj, A.T. Assessing the effect of ceramic additives on the physical, rheological and mechanical
properties of conventional glass ionomer luting cement—An in-vitro study. Heliyon 2019, 5, €02094. [CrossRef]

Sita Ramaraju, D.; Alla, RK.; Alluri, V.R.; Raju, M. A review of conventional and contemporary luting agents used in dentistry.
Am. ]. Mater. Sci. Eng. 2014, 2, 28-35.

White, S.N.; Yu, Z. Film thickness of new adhesive luting agents. J. Prosthet. Dent. 1992, 67, 782-785. [CrossRef]

International Organization for Standardization. Water-Based Cements—Part 1: Powder/Liquid Acid-Base Cements. 2016.
Available online: https:/ /www.iso.org/standard /45818.html (accessed on 30 April 2024).

International Organization for Standardization. Water-Based Cements—Part 2: Resin-Modified Cements. 2017. Available online:
https://www.iso.org/standard /69901.html (accessed on 30 April 2024).

International Organization for Standardization. Polymer-Based Luting Materials Containing Adhesive Components. 2021.
Available online: https://www.iso.org/standard /56898 .html (accessed on 30 April 2024).

Zorzin, J.; Petschelt, A.; Ebert, J.; Lohbauer, U. pH neutralization and influence on mechanical strength in self-adhesive resin
luting agents. Dent. Mater. 2012, 28, 672—679. [CrossRef] [PubMed]

Kious, A.R.; Roberts, HW.; Brackett, W.W. Film thicknesses of recently introduced luting cements. J. Prosthet. Dent. 2009, 101,
189-192. [CrossRef] [PubMed]

Holst, S.; Karl, M.; Wichmann, M.; Matta, R.E. A new triple-scan protocol for 3D fit assessment of dental restorations. Quintessence
Int. 2011, 42, 651-657. [PubMed]

Matta, R.E.; Schmitt, J.; Wichmann, M.; Holst, S. Circumferential fit assessment of CAD/CAM single crowns—A pilot investigation
on a new virtual analytical protocol. Quintessence Int. 2012, 43, 801-809. [PubMed]

Sakrana, A.A.; Al-Zordk, W.; El-Sebaey, H.; Elsherbini, A.; Ozcan, M. Does Preheating Resin Cements Affect Fracture Resistance
of Lithium Disilicate and Zirconia Restorations? Materials 2021, 14, 5603. [CrossRef] [PubMed]

Tyor, S.; Al-Zordk, W.; Sakrana, A.A. Fracture resistance of monolithic translucent zirconia crown bonded with different self-
adhesive resin cement: Influence of MDP-containing zirconia primer after aging. BMC Oral Health 2023, 23, 636. [CrossRef]
[PubMed]

The R Project for Statistical Computing. A Language and Environment for Statistical Computing. 2017. Available online:
https:/ /www.r-project.org/ (accessed on 20 January 2023).

Jorgensen, K.D. Factors affecting the film thickness of zinc phosphate cements. Acta Odontol. Scand. 1960, 18, 479-490. [CrossRef]


https://doi.org/10.1038/sj.bdj.4802708
https://www.ncbi.nlm.nih.gov/pubmed/5283545
https://doi.org/10.1016/0022-3913(66)90082-5
https://www.ncbi.nlm.nih.gov/pubmed/5217112
https://doi.org/10.1016/0022-3913(81)90330-9
https://www.ncbi.nlm.nih.gov/pubmed/7009833
https://www.ncbi.nlm.nih.gov/pubmed/12737239
https://doi.org/10.1111/j.1365-2842.2005.01458.x
https://www.ncbi.nlm.nih.gov/pubmed/15975133
https://doi.org/10.1067/mpr.2001.114685
https://doi.org/10.1016/j.cden.2007.04.002
https://www.ncbi.nlm.nih.gov/pubmed/9063235
https://doi.org/10.1177/0022034509355919
https://www.ncbi.nlm.nih.gov/pubmed/19966038
https://doi.org/10.1177/154405910708600714
https://www.ncbi.nlm.nih.gov/pubmed/17586714
https://doi.org/10.1016/s0142-9612(97)00137-3
https://www.ncbi.nlm.nih.gov/pubmed/9645563
https://doi.org/10.1111/j.1365-2842.2010.02148.x
https://doi.org/10.1016/j.heliyon.2019.e02094
https://doi.org/10.1016/0022-3913(92)90582-u
https://www.iso.org/standard/45818.html
https://www.iso.org/standard/69901.html
https://www.iso.org/standard/56898.html
https://doi.org/10.1016/j.dental.2012.03.005
https://www.ncbi.nlm.nih.gov/pubmed/22464870
https://doi.org/10.1016/s0022-3913(09)60026-3
https://www.ncbi.nlm.nih.gov/pubmed/19231571
https://www.ncbi.nlm.nih.gov/pubmed/21842005
https://www.ncbi.nlm.nih.gov/pubmed/23041996
https://doi.org/10.3390/ma14195603
https://www.ncbi.nlm.nih.gov/pubmed/34640000
https://doi.org/10.1186/s12903-023-03365-5
https://www.ncbi.nlm.nih.gov/pubmed/37670286
https://www.r-project.org/
https://doi.org/10.3109/00016356009043879

Materials 2024, 17, 2130 14 of 14

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Fleming, G.J.; Marquis, PM.; Shortall, A.C. The influence of clinically induced variability on the distribution of compressive
fracture strengths of a hand-mixed zinc phosphate dental cement. Dent. Mater. 1999, 15, 87-97. [CrossRef]

McKenna, J.E; Ray, N.J.; McKenna, G.; Burke, EM. The effect of variability in the powder/liquid ratio on the strength of zinc
phosphate cement. Int. J. Dent. 2011, 2011, 679315. [CrossRef]

Walton, T.R. The flow properties of zinc phosphate cement: An argument for changing the standard. Aust. Dent. ]. 1980, 25,
215-218. [CrossRef]

Kogawa, E.M.; Calderon, P.D.; Lauris, ].R.; Pegoraro, L.F.; Conti, P.C. Evaluation of minimum interdental threshold ability in
dentate female temporomandibular disorder patients. J. Oral Rehabil. 2010, 37, 322-328. [CrossRef] [PubMed]

Kern, M.; Schaller, H.G; Strub, ].R. Marginal fit of restorations before and after cementation in vivo. Int. ]. Prosthodont. 1993, 6,
585-591. [PubMed]

Zeller, D.K,; Fischer, J.; Rohr, N. Viscous behavior of resin composite cements. Dent. Mater. ]. 2021, 40, 253-259. [CrossRef]
[PubMed]

Giannini, M.; Takagaki, T.; Bacelar-S4, R.; Vermelho, PM.; Ambrosano, G.M.; Sadr, A.; Nikaido, T.; Tagami, J. Influence of resin
coating on bond strength of self-adhesive resin cements to dentin. Dent. Mater. ]. 2015, 34, 822-827. [CrossRef] [PubMed]
Lubauer, J.; Belli, R.; Lorey, T.; Max, S.; Lohbauer, U.; Zorzin, ].I. A split-Chevron-Notched-Beam sandwich specimen for fracture
toughness testing of bonded interfaces. J. Mech. Behav. Biomed. Mater. 2022, 131, 105236. [CrossRef] [PubMed]

Zorzin, ].; Belli, R.; Wagner, A.; Petschelt, A.; Lohbauer, U. Self-adhesive resin cements: Adhesive performance to indirect
restorative ceramics. J. Adhes. Dent. 2014, 16, 541-546. [CrossRef] [PubMed]

Attin, T.; Buchalla, W,; Kielbassa, A.M.; Helwig, E. Curing shrinkage and volumetric changes of resin-modified glass ionomer
restorative materials. Dent. Mater. 1995, 11, 359-362. [CrossRef]

Feilzer, A.].; Kakaboura, A.L; de Gee, A.].; Davidson, C.L. The influence of water sorption on the development of setting shrinkage
stress in traditional and resin-modified glass ionomer cements. Dent. Mater. 1995, 11, 186-190. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/s0109-5641(99)00018-4
https://doi.org/10.1155/2011/679315
https://doi.org/10.1111/j.1834-7819.1980.tb03868.x
https://doi.org/10.1111/j.1365-2842.2010.02062.x
https://www.ncbi.nlm.nih.gov/pubmed/20180897
https://www.ncbi.nlm.nih.gov/pubmed/8148031
https://doi.org/10.4012/dmj.2019-313
https://www.ncbi.nlm.nih.gov/pubmed/33028791
https://doi.org/10.4012/dmj.2015-099
https://www.ncbi.nlm.nih.gov/pubmed/26632230
https://doi.org/10.1016/j.jmbbm.2022.105236
https://www.ncbi.nlm.nih.gov/pubmed/35462159
https://doi.org/10.3290/j.jad.a33201
https://www.ncbi.nlm.nih.gov/pubmed/25516884
https://doi.org/10.1016/0109-5641(95)80035-2
https://doi.org/10.1016/0109-5641(95)80016-6

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

