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Abstract: Background: We aim to evaluate the effect of surface conditioning, bonding agents and
composite types on surface roughness (SR) and shear bond strength (SBS) of clear aligner composite
attachments bonded to ceramics. Methods: One hundred and eighty IPS e.max CAD specimens were
prepared. For SR, 60 specimens were divided according to surface conditioning (n = 15) into four
groups: control, 9.6% hydrofluoric acid (HFA), 37% phosphoric acid (PhA), air abrasion (AA). SR
was measured using a Profilometer and Atomic Force Microscopy. For SBS, 120 specimens were
divided according to conditioning methods (n = 40) (9.6% HFA and 37% PhA or AA), then according
to bonding agents (n = 20) (Assure universal bond (AUB) or Single bond universal (SBU)) and then
according to composite type (n = 10): Filtek™ Z350 and Filtek™ Z350 XT flowable composite. SBS
was measured using Instron testing machine. Descriptive and group comparison were calculated
(p < 0.05). Results: AA had the highest SR, while the control had the lowest SR (p < 0.05). HFA had the
highest, but insignificant SBS, followed by AA (p > 0.05). AUB had higher SBS than SBU (p < 0.001).
Filtek™ Z350 produced higher SBS than Filtek™ Z350 XT flowable composite (p < 0.01). Conclusion:
The combination of AA, AUB, and Filtek Z350 produced the highest SBS, followed by HFA, AUB,
and Filtek Z350.

Keywords: attachments; ceramics; clear aligner; composite; in vitro; orthodontics; surface conditioning

1. Introduction

Removable clear aligners have become increasingly popular, especially with increas-
ingly aesthetic demands [1–5]. Clear aligners were introduced by Align Technology in
1998 as a series of clear, removable, thermoplastic appliances to be worn by the patient
in a sequence to obtain the proper targeted results [6,7]. Compared to other removable
appliances, some tooth movements such as extrusion, rotation and root control were diffi-
cult to control using aligners, which has led some companies to introduce buttons made of
composite resins known as “attachments”. Attachments are placed on tooth surfaces as
retentive elements to expand the field of the aligner to control movements that would be
difficult or cannot be achieved without them [5,8,9].

Adult orthodontic treatment using clear aligners is also increasing in demands.
However, multiple teeth restorations, including ceramic crown and bridges in those
age group, create some challenges to the orthodontists. Recently, lithium disilicate
became the most popular material for crowns that offer undoubtful advantages [10,11].
Manufacturing technologies allow it to have both high performance and high aesthetic
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potential, as well as excellent consistency when it comes to precision and accuracy and
short production times [11]. Moreover, lithium disilicate is a translucent material that
does not require the use of veneering porcelain, which greatly reduces the chances
of porcelain chipping off. Furthermore, the ceramic surface is capable of acid etch-
ing and chemical bonding through the application of silane coupling agent and resin
cement [12]. Lithium disilicate and other high-crystalline content ceramics pose a sig-
nificant challenge for orthodontic attachment bonding [13]. They consist of amorphous
matrix containing 60–70% crystalline phase, which cause them to be more resistant
to acid etching than feldspathic ceramics [14,15]. Without roughening the ceramic’s
surface, composite application to the ceramic surface will result in a bond that is too
weak for orthodontic tooth movement [16]. Therefore, various surface conditioning
options (mechanical or chemical) to achieve durable bond strength have been advo-
cated. Mechanical roughening can be performed by air abrasion or using a diamond bur.
On the other hand, chemical roughening includes the application of hydrofluoric acid
(HFA) and phosphoric acid (PhA), followed by silane coupling agents [16–19]. Sundfeld
et al. and Garboza et al. showed that etching lithium disilicate ceramics with 10%
HFA for 20 s with subsequent silane application resulted in high bond strengths [20,21].
Moreover, Al Rifaiy in 2018 [22] and Alqerban in 2019 [23] found that the highest shear
bond strength (SBS) was obtained by increasing the etching time of 9.5% HFA to 90 s
and 60 s, respectively. In 2020, Souza et al. compared different HFA etching times (20,
60 and 120 s + silanization or Scotch Bond Universal) on the bond strength of lithium
disilicate. They found that etching with HFA for 60 s followed by silane produced
the highest SBS but they were not significantly different from 20 or 120 s. Moreover,
Scotchbond Universal compromised the SBS except for applying HFA for 120 s [24]. On
the other hand, Mehmeti et al., in 2019, compared the effect of 5% HFA etching and 37%
PhA etching for 120 s and found that they both provided similar bond strengths [25].

Currently, with the availability of multiple types of aesthetic restorations and bonding
techniques, orthodontists are facing challenges in determining the best methods in surface
conditioning and bonding procedures to ceramics that makes a good attachments bond
and that does not affect the ceramic’s surface after debonding [13,19]. Moreover, choosing
the best composite type to produce durable attachments is considered another challenge.
Moreover, the majority of studies have been conducted on orthodontic brackets bonded
to feldspathic ceramic; however, studies on other types of ceramics are limited [19]. Thus,
the aim of this study is to evaluate the effect of three different factors (surface conditioning
methods, bonding agents and composite types) on the shear bond strength (SBS) of com-
posite attachments bonded to lithium disilicate ceramics. The study also aims to evaluate
the effect of different surface conditioning methods on the surface roughness of lithium
disilicate ceramic material.

2. Materials and Methods

This is an in vitro laboratory study carried out after obtaining ethical approval from
the Research Ethics Committee at the Faculty of Dentistry, King Abdulaziz University,
Jeddah, Saudi Arabia (Ethical # 36-04-2020).

2.1. Materials

Table 1 lists the materials, chemical compositions and manufacturer used in this study.

2.2. Sample Size Calculation

Based on previous research [19] and the power of test calculation (power analysis)
using α level of 0.05 and 80% power and effect size equal to 0.7 for the shear bond strength,
the sample size was found to be 6 samples per group. However, 10 samples per group was
included in this study.



Materials 2022, 15, 4145 3 of 13

Table 1. Materials used in this study with their chemical compositions and manufacturer name.

Material Chemical Composition Manufacturer
Ceramic Material

Lithium disilicate glass ceramic (IPS
e.max CAD)

Lithium meta-silicate crystals
with approximately 40% crystals
by volume.
Additional contents: Li2O, K2O,
MgO, AL2O3, P2O2

Ivoclar Vivadent,
Schaan, Lichtenstein

Surface conditioning methods

Phosphoric acid (PhA)
37% PhA, chlorhexidine
digluconate, thickener, stain
and water

Maquira

Hydrofluoric acid (HFA) 9.6% HFA, 5.3% Ethyl alcohol,
thickening agent, dye and water Pulpdent

Aluminum oxide particles (AL2O3)
Al2O3 99.80%, SiO2 0.023%,
Fe2O3 0.035%, TiO2 0.006%, CaO
0.01%, Na2O 0.15%

Zhermack

Bonding agents

Single bond universal
adhesive (SBU)

MDP phosphate monomer,
Dimethacrylate resins, HEMA,
Vitrebond copolymer, filler,
ethanol, water, initiators, silane.

3M ESPE

Assure universal bonding
agent (AUB)

2-Hydroxyethyl Methacrylate
10–30%, BisGMA 10–30%,
4-Dimethylaminobenzoic
Acid 1–5%

Reliance orthodontic

Porcelain conditioner (PC)

Ethanol/Denatured 190 PROOF
30–50%, 3-(Trimethoxysilyl)
propyl-2-methyl-2-propenoic acid
1–5%, acetone, ACS grade 30–50%

Reliance orthodontic

Composite types

3M Filtek™ Z350 XT composite

Matrix: Bis-GMA,
UDMA, Bis-EMA
Filler: Silica, zirconia
nanoparticles (20 µm)
(72.5 wt%/55.9 vol%)

3M ESPE

3M Filtek™ Z350 XT
flowable composite

Matrix: Bis-GMA, TEGDMA,
procrylat resin
Filler: yetterbium trifluoride,
silica, zirconium oxide
(46 vol%/65 wt%)

3M ESPE

2.3. Ceramic Specimen Preparation

Lithium disilicate (IPS e-max) was sliced into smaller rectangular slices under water
cooling using a diamond saw wafering blade mounted on an Isomet machine (Isomet
5000; Buehler, Lake Bluff, IL, USA) to produce 180 samples with the dimensions of
15 × 7.5 × 2 mm3. The surface of each sample was then smoothed using sandpaper
with #220, 600 and 1200 grits, and the blocks underwent crystallization in a furnace (Ivoclar
vivadent, Schaan, Liechtenstein) using the IPS e.max CAD crystallization parameters fol-
lowing the manufacturer’s recommendation. A layer of VITA Akzent glaze (VITA Akzent
glaze, Vita Zahnfabrik, Seckingen, Germany) was then applied to the dull surfaces, and the
samples were heated in the furnace sintering machine (Ivoclar vivadent, Schaan, Liecht-
enstein) as recommended by the manufacturer. After that, silicone mold was fabricated,
and the blocks were embedded in chemically activated acrylic resin (JET, Dental Articles
Classic, Sao Paulo, Brazil). All ceramic blocks were cleaned ultrasonically in distilled water
for 5 min using the power sonic 405 device (Power Sonic 405, Whashin Co., Seoul, Korea).
Then, the blocks were left for air drying on a piece of gauze for 10 min.
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2.4. Surface Roughness Test

A total of 60 samples were divided according to the surface conditioning method
into four groups (n = 15): Group I: Control/no treatment; Group II: Etching with 9.6%
HFA for 1 min; Group III: Etching with 37% PhA for 2 min; Group IV: Air abrasion (AA)
using 50 µm AL2O3 for 5 s under 2 bar pressures in a perpendicular direction to the
ceramic block surface and at 10 mm distance using sandblaster unit (Duostar Z2, Bego,
Bremen, Germany).

All samples were then cleaned ultrasonically and dried as described above. Surface
roughness was measured using Bruker Optical Profilometer (Contour GT-K, Bruker, Tucson,
AZ, USA) and Atomic Force Microscope (AFM) (Bruker NH-2, 1041, Tucson, AZ, USA).
The AFM images were generated with a slow scan rate (1 Hz), scan size of 20 × 20 µm and
a scanning head size of 10 µm.

2.5. Shear Bond Strength (SBS) Test

A total of 120 specimens were divided according to the surface treatment method into
three groups (n = 40). Each group was subsequently divided according to the adhesive
type (n = 20) and composite type (n = 10), as shown in Figure 1.
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After surface treatments, bonding adhesives were applied. For the SBU adhesive,
one coat of the adhesive was applied by a light hand scrubbing motion using a micro
brush (Dentsply, New York, NY, USA) on the ceramic’s surfaces for 20 s, air dried for
5 s and finally light cured for 10 s, as recommended by the manufacturer. For the AUB
adhesive, the porcelain conditioner was applied for 2 min and then dried for 30 s. One coat
of ABU was then applied, air dried for 5 s and light cured for 10 s, as recommended by
the manufacturer.
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A rectangular acrylic mold was constructed with dimensions (5 × 2 × 1.5 mm3) to
simulate the dimensions of the rectangular attachments recommended by the Invisalign
company (Invisalign, Align Technology, Santa Clara, CA, USA) and was used to build the
composite attachments. The mold was laid on a glass slab, filled with composite resins
that were light cured for 20 s, as recommended by the manufacturers and then removed.
All ceramic blocks with bonded composite attachments were subjected to 10,000 cycles
of alternate 30 s baths at 5 ◦C and 55 ◦C, with a 5 s interval between immersions using a
thermocycler (SD Mechatronik Thermocycler, SD Mechatronik GMBH, Westerham, Ger-
many). After thermocycling, all specimens were loaded until failure under 50 Kg and 0.5
mm/min using a universal testing machine (ElectroPlus E1000, Instron, Canton, MA, USA)
(Figure 2). The SBS value was calculated in MPa.
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2.6. Statistical Analysis

Descriptive statistics including the mean and standard deviation (SD) for the surface
roughness and SBS. Multiple-ANOVA and post hoc Tukey tests were used for surface
roughness. For the shear bond strength, T-test and multiple-ANOVA analysis with post
hoc Tukey tests for group comparisons were carried out. A significance level of 0.05 was
set for all analysis.

3. Results
3.1. Surface Roughness

The lowest mean surface roughness was obtained for the control group (0.24 ± 0.08 µm),
while air abrasion had the highest mean surface roughness (1.20 ± 0.30 µm). There was a
statistically significant difference between all tested groups (p < 0.05), as shown in Figure 3.
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Representative AFM images of the ceramic surfaces treated with different conditioning
methods are presented in Figure 4. The control group showed the smoothest surface,
followed by PhA etching, which had little small projections followed by HFA etching which
produced a non-uniform pattern and distinct projections as sharp spikes. Air abrasion
conditioning method showed the roughest surface with multiple irregularities and longer
sharp spikes than the other groups.

3.2. Shear Bond Strength (SBS)

Table 2 shows the SBS results of different conditioning methods, bonding agents
and composite types. For the conditioning methods, HFA had the highest SBS with a
mean value of (15.82 ± 4.72 MPa) followed by AA (14.91 ± 5.38 MPa), but there was
no statistically significant difference between them (p > 0.05). On the other hand, PhA
provided the lowest SBS value (5.22 ± 4.03 MPa), which was significantly different from
the other groups (p < 0.0001).

The shear bond values for the different bonding agents showed that AUB resulted
in statistically higher SBS than SBU (p = 0.001) with a mean strength of (14.04 ± 6.04 and
9.93 ± 6.80 Mpa), respectively.

For composite types, the results showed a statistically significant difference between
the groups (p = 0.003). Filtek Z350 had higher SBS value than Filtek Z350 supreme Ultra
flowable (13.79 ± 7.47 and 10.18 ± 5.38 MPa), respectively.

The interaction between different conditioning methods, bonding agents and compos-
ite types is presented in Figure 5. Three-way ANOVA revealed that there is a statistically
significant difference between all groups. Tests of between-subjects’ effect were performed,
and they showed that there is statistically significant difference between the surface condi-
tioning methods (p < 0.0001), bonding agents (p < 0.0001) and composite types (p < 0.0001).
Results also showed a statistically significant difference in the interaction of the surface
conditioning methods with the bonding agents (p < 0.0001) and the interaction of the
conditioning methods with the bonding agents and composite types (p = 0.02).
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Table 2. Comparison of SBS between the groups according to the three different factors assessed:
conditioning methods, bonding agents and composite types.

Groups N Mean (Mpa) Std Dev p-Value

Conditioning
methods

HFA 40 15.82 a 4.72
<0.0001 ***AA 40 14.91 a 5.38

PhA 40 5.22 b 4.03

Bonding agent type Assure universal bond 60 14.04 6.04
0.001 **Single bond universal 60 9.93 6.80

Composite type
Filtek Z350 60 13.79 7.47

0.003 **Filtek Z350 supreme
Ultra flowable 60 10.18 5.38

Significance levels: ** p < 0.01, *** p < 0.001. Values with different superscript letters indicate significant differences
between the different conditioning methods (a > b).

The post hoc Tukey test revealed that the highest SBS was gained by the interaction of
AA with AUB and Filtek Z350 composite, followed by the interaction of HFA, AUB and
Filtek Z350, and then the interaction of HFA, SBU and Filtek Z350 (21.80 ± 3.86; 19.03 ± 3.00;
17.77 ± 6.94 MPa), respectively. The interaction of PhA with SBU and Filtek Z350 supreme
ultra-flowable showed the lowest strength value with (0.96 ± 1.86 MPa) (Table 3).
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according to conditioning methods.

Table 3. Post hoc Tukey test showing the interaction between the three factors: conditioning methods,
bonding agents and composite types (p < 0.05).

Interactions

AA, AUB, Filtek Z350 A
HFA, AUB, Filtek Z350 A B
HFA, SBU, Filtek Z350 A B
AA, AUB, Filtek Z350 flowable B C
HFA, SBU, Filtek Z350 flowable B C
HFA, AUB, Flowable C D
AA, SBU, Filtek Z350 C D
AA, SBU, Filtek Z350 flowable C D
PhA, AUB, Filtek Z350 D E
PhA, AUB, Filtek Z350 flowable D E
PhA, SBU, Filtek Z350 E F
PhA, SBU, Filtek Z350 flowable F

Levels not connected by the same letter are significantly different (p < 0.05) (A > B > C > D > E > F).

4. Discussion

Since ceramics are now used frequently in prosthodontics to meet patient aesthetic
demands, orthodontists must choose proper methods of bonding to these materials to
achieve optimum outcomes [26]. Ceramic materials are versatile and continuously evolving,
making it possible to achieve the desired aesthetic results. In this study, lithium disilicate
ceramics were chosen due to their superior aesthetic, optical and mechanical properties
compared with the conventional feldspathic or leucite crowns [19]. It is available in a variety
of shades and translucency levels according to the patient’s needs [11]. Mechanically, it
has high flexure strength and a fracture toughness [11] and accurate 2D and 3D marginal
fittings [27]. Compared to CAD-CAM zirconia, CAD-CAM lithium disilicate had smaller
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marginal gaps [28] and is considered a suitable material even for subgingival restorations
directly contacting the sulcular epithelial tissues because it showed the best biocompatibility
when compared to zirconia and cobalt–chromium alloys [29].

When it comes to ceramic bonding, orthodontists have two conflicting goals: ensuring
a superior bond strength during treatment to eliminate bonding failures and preserving
the integrity of artificial restorations after debonding [17]. Chemical bonding and microme-
chanical interlocking are important in bonding to ceramics [30–34]. In clinical practice,
different surface treatment techniques have been used to create a micromechanically reten-
tive ceramic surface. As observed, air abrasion generated the highest surface roughness
followed by HFA, while PhA and control groups showed the least surface roughness. This
could be explained by the irregularities created by sandblasting, which resulted in the
removal of glassy matrix and an increase in surface free energy with a consequent increase
in the bond strength [35,36]. Moreover, the increase in surface roughness provides addi-
tional retention sites where adhesive cement can easily interlock to increase the shear bond
strength [37]. The altered topography of the HFA could be attributed to the acid’s ability to
attack the ceramics’ glassy matrix, which leads to the exposure of lithium disilicate crystals;
hence, surface roughness and irregularities increased, which will improve micromechanical
interlocking abilities with resin cement [38,39]. PhA resulted in a low surface roughness,
which might be due to the inability of the acid to remove the glassy matrix, which will lead
to lower surface areas for retention. These results were confirmed by AFM images and
were in line with previous studies [19,40,41]. Contrarily, Dilber et al. showed nearly similar
results when it comes to air abrasion and control groups but lower roughness parameter of
HFA, which might be due to the lower concentrations and etching time used (5% for 20 s
only) [30]. Furthermore, Sudre et al. had higher roughness values for the control and HFA
groups [42]. However, Dilber et al. and Sudre et al. used IPS Empress 2 [30,42].

AFM images of the ceramic surfaces revealed that air abrasion and HFA conditioning
methods increased the surface roughness compared to PhA and untreated surfaces. Air
abrasion produced the roughest irregular surface with multiple sharp projections. HFA
resulted in a non-uniform surface with less peaks and valleys than air abrasion. PhA
etching showed small surface changes compared to the untreated control group, which
were observed as short spikes. The images support the profilometry results where air
abrasion had the roughest surface followed by HFA, PhA and finally the control group.

When it comes to SBS between different conditioning methods, the results revealed
that HFA produced the highest SBS value compared to air abrasion. However, there was no
statistically significant difference between them. In contrast, PhA etching had the lowest
strength value, which was significantly different from the other methods and lower than
the recommended bond strength of 6–8 MPa, as established by Reynolds for bonding
orthodontic brackets to natural teeth [43]. For bonding attachments to natural teeth, Chen
et al. in 2020 found that the highest SBS was gained by bonding attachments with SonicFill
composite (23.49 MPa). Filtek Z350XT had an SBS of 20.53 MPa while bonding with Filtek
Z350XT Flowable resulted in 20.53 MPa [2]. The AFM images support these results since
air abrasion and HFA had a rougher surface than PhA specimens. Roughening the surface
provides additional potential retention sites where the adhesive cement can easily be
interlocked, enhancing the shear bond strength [37].

In order to achieve proper bonding, micromechanical retention achieved by condition-
ing methods must be followed by silane coupling agents as a means of bonding inorganic
ceramic surfaces with organic resins [20,44–46]. Since 1977, silane has been used as a bond
enhancer [47]. Through the formation of a siloxane bond, it increases the ceramics surface
energy, as well as the cement’s wettability. By doing so, microscopic interactions will occur
between the two materials [44,48,49]. As “all-in-one” adhesives, universal bonding agents
simplify the conventional bonding process and reduce chair times [50]. Silane-containing
adhesives that bond silica-based ceramics such as single bond universal have been de-
veloped. In addition to their benefit in reducing the operation process, the adhesives’
manufacturers claim that these adhesives achieve excellent bonding properties and do



Materials 2022, 15, 4145 10 of 13

not require silane treatment [50,51]. However, the effectiveness of universal adhesives
containing silanes remains unclear [46,48]. In this study, the Assure universal bonding
agent had a higher SBS value compared to single bond universal bonding agent. A possible
explanation is that bonding strength decreases when silane and methacrylate monomers
are present in one solution [52]. In addition, MDP, a type of monomer commonly found in
universal adhesives, has been reported to promote the condensation of silanol groups in
the presence of silane and neutralizes silane [52]. Another explanation is the presence of
bisphenol A diglycidylmethacrylate (bis-GMA), which might interfere with the condensa-
tion between the silanol groups of silane and the OH groups of ceramics [52]. Moreover,
the silane present in universal adhesives may also be insufficient [50]. This result agrees
with previous studies [21,53].

There are several characteristics of the ideal attachment material, including its ease
of use, resistance to wear and difficulty of fall off. Currently, there is constant progress in
clinical research on clear aligner technology, whereas research into attachment material
selection is still limited [2]. Based on viscosity, two commonly used composite resins for
attachment bonding were used in this study. They are as follows: a low-viscosity flow-
able resin (Filtek Z350 supreme Ultra flowable composite) and a high-viscosity universal
restorative material (Filtek Z350 composite). Results showed that Filtek Z350 had higher
SBS value than Filtek Z350 supreme Ultra flowable. This result is similar to the findings
reported by Chen et al. who evaluated the effect of the same composite types on the SBS of
extracted premolars and found that the flowable composite showed lower bond strength
(15.3 +/− 2.33 MPa) compared to the conventional Filtek Z350 (20.53 +/− 2.59 MpPa) [2].
It is likely that the amount of inorganic fillers played a major role in these results. Filtek
Z350 contains 78.5% of inorganic fillers, while Filtek Z350 supreme Ultra flowable has
65% of inorganic fillers. By increasing inorganic filler content, polymerization shrinkage
and stresses can be decreased resulting in a high bond strength. Consequently, a high SBS
ensures a more stable treatment because attachments are less likely to fall off [2]. However,
the SBS of both composites when bonded to natural teeth was higher than the SBS of both
composites when bonded to lithium disilicate.

It is necessary to note, however, that there are some limitations of this study. For ex-
ample, the experiments were conducted in vitro, so they may not represent clinical settings
accurately. It is, therefore, necessary to confirm the results of the in vitro experiments with
long-term clinical studies in the future. A rectangular acrylic mold was constructed for
the composite attachments with the dimensions (5 × 2 × 1.5 mm3). Such dimensions are
specific for this study since it was aimed to simulate the dimensions of the rectangular at-
tachments recommended by the Invisalign company. It is similar to other studies assessing
the clear aligner attachments [54]. Further studies are also needed to compare SBS between
composite attachments bonded to natural tooth structure and ceramic materials.

5. Conclusions

Within the limitations of the present study, the following can be concluded:

1. AA caused a significant change in the ceramic’s surface microstructure and removed
the glazed layer followed by HFA.

2. HFA conditioned group had the highest SBS value followed by AA. However, the
difference between them was insignificant. On the other hand, the PhA group had the
lowest SBS value, which was significantly different from the other groups (p < 0.05).

3. Two steps bonding agents such as AUB are more effective and provide significantly
higher SBS values than SBU (p < 0.05).

4. Using Filtek Z350 composite in attachment bonding provides higher SBS than Filtek
supreme Ultra flowable composite.

5. The combination of AA conditioning method with AUB and Filtek Z350 composite
gave the highest SBS, followed by the combination of HFA etching with AUB and
Filtek Z350.
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The present study can help orthodontists to choose the proper materials when it comes
to attachments bonding to lithium disilicate crowns and, hence, decreasing chair times by
avoiding multiple bonding failures.
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