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Abstract: Minimal invasive dental reconstructions and orthodontic appliances are bonded to 

enamel without removing the enamel with rotating instruments but the top layer of enamel 

may be partially aprismatic and impair adhesion. The objectives of this study were to 

investigate the effect of mechanical surface conditioning methods for removing enamel on its 

structural, morphological alterations, wettability characteristics and adhesion of resin based 

cement to the conditioned surfaces. Maxillary human incisors (N=40, nquadrant=160) were 

obtained and coronal sections were embedded in acrylic with their labial surfaces exposed. 

The teeth were randomly divided into 4 groups and the enamel surface of each tooth was 

divided into 4 quadrants. The surfaces were conditioned in a clockwise manner by one of the 

following methods: 1) Non-conditioned enamel acted as the control group (C); 2) Silicone 

coated disc (Sof-Lex disc, Black, 3M ESPE) (SD); 3) Diamond bur at slow speed (DB) and 4) 

Air-borne particle abrasion (50 µm Al2O3, 2 bar, 5 s) (AA). Surface roughness was measured 

at each quadrant using a non-contact digital profilometer and contact angle measurements 

were performed using a goniometer. Enamel surfaces were then etched with 37% H3PO4 for 

60 s and roughness and wettability measurements were repeated. The enamel surfaces in 

each quadrant received resin composite luting cement (Variolink II, Ivoclar Vivadent) 

incrementally in a polyethylene mould (diameter: 1 mm2; height: 4 mm) and photo-

polymerized. The specimens were stored in distilled water for 24 hours at 37ºC until the 

testing procedures and then shear force was applied to the adhesive interface until failure 

occurred in a Universal Testing Machine (0.5 mm/min). Microshear bond (µSBS) was 

calculated by dividing the maximum load (N) by the bonding surface area of the resin cement. 

Representative enamel surfaces were analyzed under the scanning electron microscope 

(SEM) (x5000) to assess the surface morphology. Failure types were analyzed using optical 

microscope and SEM. Data (MPa) were analyzed using one-way ANOVA and Tukey`s test for 

each parameter and Linear model for group comparisons (α=0.05). Surface conditioning 

method significantly affected the adhesion results (P<0.001), surface roughness (P=0.017) 
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and contact angle (P<0.001). Interaction terms were significant (P>0.05). AA (338±182) 

created significantly higher surface roughness compared to SD (308±180) and DB (242±197) 

(P<0.05). After etching with 37% H3PO4, DB (307±223) resulted in significantly lower 

roughness than those of SD (385±173) and AA (414±193) (P<0.05). AA (40±11) delivered 

significantly lower contact angle compared to those of SD (61±9) and DB (59±10). After 

etching with 37% H3PO4, AA (42±10) and DB (50±10) presented the lowest contact angle 

(P<0.05). Mean µSBS results (MPa) showed significant difference between the experimental 

groups (P=0.011) and were in descending order as follows: DB (20±8)a<SD (18±9)a<AA 

(13±5)b<C (12±5)b. Failure types were predominantly mixed failure type between the enamel 

and the resin cement with more than half of the resin remained on the enamel surface (32 to 

33 out of 40) in all groups. Cohesive failure in the enamel was not observed in any of the 

groups. SEM analysis showed that AA group leaves abundant particles on the enamel 

surface and after DB and AA, etching could not remove the particles completely and expose 

the enamel prisms. 

 

Keywords: Adhesion, air-abrasion, enamel, surface conditioning, surface roughness, 

wettability 
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Introduction 

With the advances in adhesive technologies, the dental profession became less invasive. 

Today, minimal invasive dental reconstructions and orthodontic appliances can be bonded to 

enamel without removing this tissue with rotating instruments.  

Enamel is a crystalline substance that consists of hydroxyapatite arranged in prisms. It is the 

hardest structure of the body and comprises 96 wt% inorganic matter, 04-0.8 wt% organic 

matter such as proteins, lipids, carbohydrates or lactate and 3.2-3.6 wt% water [1]. Calcium 

and phosphate are found in the ratio of 1:1.2 as hydroxyapatite minerals in form of small 

crystals. The histological structure of these hydroxyapatite crystals of enamel in cross section 

is hexagonal. From lateral perspective, they appear as small rods, of which each is built out of 

about 100 crystals [2]. They may also appear as prisms. In the centre of the prisms, the 

crystals are placed parallel to the longitudinal axis and in the outer parts they are almost in 90° 

inclination [2]. This change in direction gives the prisms a honeycomb shape structure. The 

interprismatic areas consist of more loosely packed and randomly oriented crystals surrounded 

by a higher quantity of water and inorganic matter. That makes the enamel in those areas 

more susceptible to fluid and ion exchanges, which renders these areas more favourable to 

remineralisation, yet also more prone to demineralization. The ion exchange can provide good 

protection against decalcification based on the fact that if hydroxyl ions in the hydroxyapatite 

are substituted by fluoride-ions, the enamel is rendered more resistant against acids [2].  

The success of bonded minimal invasive dental reconstructions and orthodontic appliances to 

enamel with resin based materials depends highly on the surface characteristics of the enamel 

[3]. Untreated enamel is generally smooth and non-retentive and covered with a layer of 

pellicle. When enamel is cut, its surface is also covered with a smear layer created by the 

rotating instruments.  Moreover, the top layer of enamel 20-80 µm may be partially aprismatic 
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and impair adhesion if not removed [4]. Thus, a subsequent chemical or mechanical 

conditioning is needed to expose the fresh enamel surface and increase the surface area for 

further micromechanical retention.  

Etching enamel typically with H3PO4 creates a highly micro-retentive surface, which is easily 

wetted by hydrophobic resin-based adhesives. The adhesive resin then penetrates the etched 

surface through capillary action and subsequent polymerization of the resin facilitates 

micromechanical adhesion. Most commercially available enamel-etching agents have a 

concentration ranging between 30-40%. When the concentration is less, the dicalcium 

phosphate dihydrate precipitate forms in the enamel surface which is very difficult to remove 

by rinsing [5,6]. For orthodontic applications, enamel tissue removal is not needed but for 

some applications in reconstructive dentistry, minimal room has to be created for the material 

that eventually necessitates the removal of enamel using mechanical methods such as the use 

of diamond burs, discs or air-borne particle abrasion. All these methods aim to increase the 

surface area and contribute to micromechanical retention of the resin based material. 

The next step after micromechanical roughening of the enamel is the application of the 

adhesive resin where the conditioned surface provides the foundation for better wettability. 

Surface wettability indicates the ability of a liquid to wet the surface of a solid [7,8]. The 

wettability of a material is usually determined by measuring the contact angle formed between 

the substrate and the line tangent to the curved surface of a liquid drop at the point of contact 

[9]. Contact angle measurement is probably the most popular method to determine the 

hydrophobicity and/or hydrophilicity of the surfaces of materials. A greater contact angle 

indicates hydrophobicity, which means a poorer wetting ability of the material. Contact angle of 

less than 90° is an indication of a hydrophilic material, whereas a contact angle larger than 90° 

indicates a hydrophobic material [10,11]. However, surface conditioning of the enamel dictates 

the measured the contact angle on enamel surfaces and it was reported to be about 50° for 

water [10]. 
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The objectives of this study therefore, were to investigate the effect of mechanical surface 

conditioning methods for removing superficial enamel surface on its structural, morphological 

alterations, wettability characteristics and adhesion of resin based cement. The null hypothesis 

tested was that mechanical surface conditioning methods would not show difference in 

roughness, wettability and adhesion of resin composite cement. 

 

Materials and Methods 

Specimen preparation  

Schematic description of the experimental design is presented in Fig. 1. 

Human maxillary central incisors (N=40, nquadrant=160) were used in this study. After tissue 

remnants were removed with a scaler (H6/H7; Hu-Friedy, Chicago, IL), teeth were stored in 

0.5% Chloramin T for 2 weeks. The roots were removed from the coronal parts using a 

diamond disc (IsoMet 1000, Buehler Ltd, USA) under water-cooling. The coronal part of teeth 

were embedded in a polyvinyl chloride (PVC) mould with their labial surfaces exposed using 

auto-polymerizing acrylic resin (Scandiquick, Scandia, Hagen, Germany). 

On each tooth, two lines were drawn mesiodistally and incisoservically and the enamel 

surfaces were divided into four quadrants with a diamond saw (Well Precision Diamond Wire 

Saw, Norcross, USA) under slow speed water-cooling.  

Initially, surface roughness and contact angle measurements were made from each quadrant. 

Surface roughness measurement 

Surface roughness (Ra) on enamel surfaces was measured using a digital microscope (VHX-

2000D, Keyence, Osaka, Japan). The scans were obtained from an area of 2 mm length and 2 

mm width from a pre-established reference point situated in the middle of each specimen at 

x200.  

Contact angle measurement 
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One sessile drop of distilled water was applied on the enamel surface at 25°C room 

temperature. Three consecutive contact angle measurements of water were performed using a 

camera-based goniometer (Easydrop Drop Shape Analysis System, Kruess, Hamburg, 

Germany) using its corresponding software (Drop Shape Analysis Software for Windows, DSA 

Version 1.90.0.14). Approximately 0.1 µl drop of water was placed on the specimen surface 

located on a movable table using a micro syringe (diameter: 1.1mm, NE42, Kruess). The drop 

was illuminated from one side and the camera from the opposite side captured the image of 

the drop. The image was then transferred to the computer and the contact angle was 

determined using the software using the Young-Laplace method [12]: 

 

Δp= 

where  

Δp is the difference in pressure between the outside of the drop and its inside. 

r1 and r2 stand fort he principle radii of the curvature. 

 

The specimens were divided into 4 subgroups (nquadrant=10 per group) to be conditioned with 

one of the following methods: 

Surface conditioning methods 

Group C: The non-conditioned enamel surfaces acted as the control group.  

Group SD: In this group, the enamel was roughened using a silicone coated disc (Black Sof-

Lex Disc, 3M ESPE, Minn, USA) with a contra-angle handpiece (KaVo Gentlepower Lux, 

Biberach/Riss, Germany) at 100.000 rpm for 5 s under water-cooling. Enamel surfaces were 

then rinsed with copious water. 
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Group DB: A layer of enamel was removed from using a diamond bur of 25 µm (Demadent 

AG, Basssersdorf, Switzerland) with a contra-angle slow speed handpiece (KaVo Gentlepower 

Lux) at 200.000 rpm for 5 s under water-cooling and rinsed with copious water. 

Group AA: The enamel was roughened using a chairside air-abrasion device (Ronvig, 

Daugärd, Denmark) where air-borne particle was achieved using 50 µm Al2O3 particles (Korox, 

Bego, Bremen, Germany) at 2 bar for 5 s from a distance of approximately 10 mm in rotating 

motions. Enamel surfaces were then rinsed with copious water to remove the particle 

remnants. 

The enamel surface on each tooth was divided into 4 quadrants and 3 of 4 quadrants 

received the conditioning methods in a clockwise sequence (Fig. 2). During conditioning of one 

quadrant, the remaining quadrants were protected with a Teflon shield (Angst+Pfister AG, 

Zurich, Switzerland). One operator performed all roughening and bonding procedures (MS). 

After each conditioning method, digital surface roughness and contact angle measurements 

were repeated as described above. 

The enamel surface in each quadrant was conditioned with etch and rinse adhesive system 

(Syntac Classic, Ivoclar Vivadent, Schaan, Liechtenstein) according to the manufacturer’s 

recommendations. Firstly, the enamel was etched for 60 s with 37% H3PO4, rinsed for 60 s and 

then gently air-dried for 5 s. Then, adhesive resin (Heliobond, Ivoclar Vivadent) was applied 

with a brush for 20 s, air-thinned for 3 s and photo-polymerized for 40 s using an LED 

polymerization unit (Bluephase, Ivoclar Vivadent) from a constant distance of 2 mm from the 

surface. Dual-polymerized resin luting cement (Variolink II, Ivoclar Vivadent) was condensed 

into polyethylene moulds (inner surface area 1 mm2; height: 4 mm) in two increments and 

photo-polymerized for 40 s using an LED polymerization unit (Bluephase) from a constant 

distance of 2 mm from the surface. The specimens were then stored in distilled water for 24 

hours at 37ºC until experiments. 

Microshear (µSBS) test 
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Specimens were mounted in the jig of the Universal Testing Machine (Z010, Zwick, Ulm, 

Germany) and shear force was applied to the adhesive interface until failure occurred. The 

load was applied to the adhesive interface, as close as possible to the surface of the substrate 

at a crosshead speed of 0.5 mm/min. µSBS (MPa) was calculated by dividing the maximum 

load (N) by the bonding surface area of the resin cement (mm2).  

Failure analysis and microscopy evaluation 

Failure sites were initially observed using an optical microscope (Zeiss Supra V50, Carl Zeiss, 

Oberkochen, Germany) and classified as follows: Type I: Adhesive failure between the 

adhesive resin and the enamel; Type IIa: Mixed failure between the adhesive resin and the 

enamel with less than half of the adhesive remained on the dentin surface; Type IIb: Mixed 

failure between the adhesive resin and the enamel with more than half of the adhesive resin 

remained on the enamel surface; Type III: Cohesive failure in the cement; Type IV: Cohesive 

failure in the enamel (Fig. 3). 

Additionally, in order to observe the structural changes on the enamel after conditoning 

methods, three further enamel specimens were prepared from each group without and with 

etching after conditioning. They were first sputter-coated with a 18 nm thick layer of gold (80%) 

/ palladium (20%) (120 s, 45mA; Balzers SCD 030, Balzers, Liechtenstein) and analyzed using 

cold field emission Scanning Electrone Microscope (SEM) (LEO 440, Electron Microscopy Ltd, 

Cambridge, UK). Images were made at 0.2-30 kV at a magnification of x5000.   

Statistical analysis 

Data were analyzed using a statistical software package (SPSS Software V.20, Chicago, IL, 

USA). Kolmogorov-Smirnov and Shapiro-Wilk tests were used to test normal distribution of the 

data. As the data were normally distributed, 1-way analysis of variance (ANOVA) and Tukey`s 

tests were applied to analyze possible differences between the groups for the parameters of 

roughness, contact angle and bond strength results. Linear model was applied for group 

comparisons. P<0.05 was considered to be statistically significant in all tests.  
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Results 

Surface conditioning method significantly affected the adhesion results (P<0.001), surface 

roughness (P=0.017) and contact angle (P<0.001). Interaction terms were significant 

(P>0.05). 

AA (338±182) created significantly higher surface roughness compared to SD (308±180) 

and DB (242±197) (P<0.05). After etching with 37% H3PO4, DB (307±223) resulted in 

significantly lower roughness than those of SD (385±173) and AA (414±193) (P<0.05) (Table 

1). 

AA (40±11) delivered significantly lower contact angle compared to those of SD (61±9) and 

DB (59±10). After etching with 37% H3PO4, AA (42±10) and DB (50±10) presented the lowest 

contact angle (P<0.05) (Table 2).  

Mean µSBS results (MPa) showed significant difference between the experimental groups 

(P=0.011) and were in descending order as follows: DB (20±8)a<SD (18±9)a<AA (13±5)b<C 

(12±5)b (Table 3).  

Failure types were predominantly mixed failure type between the enamel and the resin 

cement with more than half of the resin remained on the enamel surface (32 to 33 out of 40) 

(Type IIb) in all groups. Cohesive failure in the enamel was not observed in any of the groups 

(Fig. 3).  

SEM analysis showed that AA group leaves abundant particles on the enamel surface and 

after DB and AA, etching could not remove the particles completely and expose the enamel 

prisms (Figs. 4a-d, 5a-d). 

 

Discussion 

This study was undertaken in order to suggest the most effective mechanical surface 

conditioning method for removing superficial enamel surface considering morphology, 
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wettability parameters and adhesion of resin based cement. Based on the results of this 

study, since surface conditioning method significantly affected the adhesion results, surface 

roughness and contact angle, the null hypothesis could be rejected. 

Several testing methodologies, (i.e. macroshear, microshear, macrotensile, and microtensile 

tests) have been suggested for evaluation of the bond strength of resin-based materials to 

dental substrates. Accordingly, in order to measure the bond strength values between an 

adherent and a substrate accurately, it is crucial that the bonding interface should be the 

most stressed region, regardless of the test methodology being employed [13]. In this study, 

bond strength was tested using µSBS test. With this method, inherent problems associated 

with macroshear test and microtensile tests could be eliminated. While the macroshear test 

results in cohesive failure of the substrate, not revealing the true bond strength, pre-test 

failures or misalignment of the specimens are the other problems associated with 

microtensile test [13]. In µSBS test, bonded cylindrical resin cement surface is small enough 

not to be negatively affected from such factors yielding to more reliable results. One 

translucent polyethylene mould filled with the cement was bonded on each enamel specimen 

surface. Through clockwise application of the 3 surface conditioning methods in 4 quadrants 

of each tooth, the possible inherent morphological changes in enamel on the studied 

experimental parameters were avoided.  

Minimal invasive dental reconstructions or orthodontic appliances are bonded to enamel 

without removing the enamel with rotating instruments, where the latter in particular does not 

require any removal of the enamel layer primarily due to iatrogenic reasons as well as the 

semi-permanent nature of adhesion. Unfortunately, in the orthodontic field, debonding rate 

particularly in conjunction with lingual retainers bonded on enamel is high [14]. On the other 

hand, in reconstructive dentistry, especially in the application of sectional veneers in the 

anterior and occlusal veneers in the posterior regions, certain thickness for the prospective 

restorative material has to be provided for mechanical durability. Thus, both for this purpose 
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and also to remove the possible aprismatic enamel, the top layer of enamel needs to be 

reduced at different levels. 

In this study, clinically relevant minimal invasive surface conditioning methods were used, 

namely a fine diamond bur, silicone disc and chairside air-abrasion method employing small 

particle size alumina. Among all methods tested, air-abrasion resulted in the highest 

roughness compared to SD and DB. Certainly, parameters such as pressure and duration 

may affect the particle deposition effect on enamel during air-abrasion [15]. Based on 

preliminary observations, after 5 s, visible effect of air-abrasion was noted on enamel. For 

this reason, application duration was limited to 10 s. Similarly, after etching with 37% H3PO4, 

air-abrasion again resulted in higher roughness values followed by the silicone disc. In line 

with this observation, SEM photos verified the fact rough enamel surfaces where both 

covered the surface with abundant alumina particles and silicone disc remnants. 

Consequently, the debri did not allow acid attack on enamel even though the surfaces were 

rinsed with copious water after surface conditioning. It has to be noted that also after 

diamond bur application, some degree of smear mixture composed of the diamond and 

hydroxyapatite layer was evident on the enamel surface. Yet, in the majority of the 

specimens, SEM findings revealed that this smear layer could be removed more effectively 

from the dental bur treated surfaces compared to air abrasion or silicone disc.  

In fact, enamel etching with phosphoric acid selectively dissolves prism cores, with resultant 

microporosity where the organic matter and inorganic components are altered [16-18]. 

Accordingly, etching of enamel with phosphoric acid for 60 s results in a superficially etched 

zone and sub-surface porous zone. The enamel from the superficial etched zone is 

permanently lost but the porous zone establishes a mechanical bond to the etched enamel. 

Although the diamond bur resulted in the lowest roughness, after etching, adhesion results 

were more favourable in this group. This could be attributed to the exposed enamel prisms 

being more visible in this group than those of others.   
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Roughness can be measured in a number of ways but the most commonly used method in 

dentistry is the average surface roughness (Ra) value [7]. In this study, a non-contact digital 

microscope was used to measure the surface roughness. Compared to contact roughness 

measurement methods such as the stylus of a perthometer, digital measurement systems 

may suffer from scanning the depth of amorphous structures such as enamel prisms in this 

case. On the other hand, the tip of the stylus can also damage the enamel surface and for 

this reason, a digital method was used. 

Air-abrasion roughened the enamel surface the most and resulted in lower contact angle 

among all other conditioning methods before and after 37% H3PO4 etching but did not yield to 

the highest bond strength. This indicates that roughness and wettability parameters could not 

contribute to increased bond strength in this group. 

Surface conditioning or preparation with diamond bur and silicone disc resulted in the 

highest bond strength followed by the application of 37% H3PO4 compared to the application 

of etching only. Similar results were obtained in a previous study employing macroshear test 

where enamel was prepared with diamond bur followed by etching with phosphoric acid 

(19.92±4.76) [19]. Although both procedures were performed manually, compared to air-

abrasion, the exposure of enamel prisms were inferior compared to the control group. Yet, 

interestingly the control groups with the best enamel morphology did not necessarily yield to 

the highest adhesion results. This could be explained on the groups that the penetration of 

adhesive resin on the exposed enamel prisms were not ideal reaching the depth of prism 

cones. The results need to be verified in future studies with other adhesive resins with 

different viscosities. 

The SEM findings did not reveal structural defects in the enamel compared to a previous 

study [20]. The authors speculated that due to the brittleness of the enamel, this substrate is 

more prone to defects during debonding that is created during surface preparation [21,22]. 

Since in this study, no cohesive failures in the enamel was noted, it can be stated that the 
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achieved mean bond strength did not exceed that of the cohesive strength of the enamel. In 

this study, even though the highest mean values ranged between 18 and 20 MPa, the results 

did not yield to defects in the enamel after debonding. Thus, these obtained values could be 

considered clinically safe for particularly orthodontic applications where semi-permanent 

adhesion is expected, where at the end of the orthodontic treatment, bonded appliances are 

removed. The high incidence of Type IIb failure types in this study, indicates that the resin 

cement remnants could be removed after debonding. For restorative applications, perhaps 

not the bond strength but the quality of margins in relation to the enamel prisms could be of 

importance to void marginal discoloration. The findings of this study have be verified in 

clinical applications when evaluating the marginal quality of the bonded reconstructions on 

enamel after different enamel conditioning or preparation methods.  

 

Conclusions 

From this study, the following could be concluded: 

1. Air-abrasion roughened the enamel surface the most and resulted in lower contact angle 

among all other conditioning methods before and after 37% H3PO4 etching but did not yield 

to the highest bond strength. 

2. Mechanical surface conditioning methods followed by the application of 37% H3PO4 

favourably affected adhesion of resin cement to enamel compared to the application of 

etching only.  

3. Failure types after debonding were mainly mixed failure type between the enamel and the 

resin cement with more than half of the resin remained on the enamel surface in all groups. 

Cohesive failure in the enamel was not observed in any of the groups  

4. Air-abrasion and silicone disc left abundant debri on the enamel surface that could not be 

removed after etching, impairing adhesion. Enamel prisms were best exposed in the control 

group followed by the use of diamond bur. 
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Clinical Relevance 

Considering, morphological changes, roughness values, wettability properties, adhesive 

strength of the resin cement, conditioning enamel surface with fine diamond bur under copious 

water followed by 37% H3PO4 etching could be recommended when bonding minimal invasive 

reconstructions on superficial enamel.   
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Captions to figures and tales: 

Figures:  

Fig. 1. Flow-chart showing experimental sequence and allocation of groups.  

Fig. 2 Sketch of the sequence of surface conditioning methods applied in 4 quadrants of 

enamel on incisors clockwise. 1) Non-conditioned enamel acting as the control group; 2) 

Silicone coated disc (Sof-Lex disc, Black, 3M ESPE); 3) Diamond bur at slow speed and 4) Air-

borne particle abrasion (50 µm Al2O3, 2 bar, 5 s). 

Fig. 3 Frequencies of failure modes in percentages. Type I: Adhesive failure between the 

adhesive resin and the enamel; Type IIa: Mixed failure between the adhesive resin and the 

enamel with less than half of the adhesive remained on the enamel surface; Type IIb: Mixed 

failure between the adhesive resin and the enamel with more than half of the adhesive resin 

remained on the enamel surface; Type III: Cohesive failure in the cement; Type IV: Cohesive 

failure in the enamel. 

Figs.  4a-d SEM images of a) C, b) SD, c) DB, d) AA before etching with 37% H3PO4 

(x5000). Note the rough enamel surfaces especially in the air-abraded group. 

Figs.  5a-d SEM images of a) C, b) SD, c) DB, d) AA after etching with 37% H3PO4 (x5000). 

Note the best enamel prism morphology in the group C followed by DB after etching. After 

SD, and AA 37% H3PO4 could not remove the particles completely and expose enamel 

prisms. 
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Tables: 

Table 1. Surface roughness (µm) (Mean±standard deviation), maximum, minimum and 

confidence intervals (95%) at baseline, after surface conditioning methods, surface 

conditioning+ 37% H3PO4 of enamel. C: Non-conditioned enamel acting as the control group; 

SD: Silicone coated disc (Sof-Lex disc, Black, 3M ESPE); DB: Diamond bur at slow speed 

and AA: Air-borne particle abrasion (50 µm Al2O3, 2 bar, 5 s). Different upper-case letters in 

each column for each condition indicates significant differences (p<0.05).  

Table 2. Contact angle (θ) (Mean±standard deviation), maximum, minimum and confidence 

intervals (95%) at baseline, after surface conditioning methods, surface conditioning+ 37% 

H3PO4 of enamel. C: Non-conditioned enamel acting as the control group; SD: Silicone coated 

disc (Sof-Lex disc, Black, 3M ESPE); DB: Diamond bur at slow speed and AA: Air-borne 

particle abrasion (50 µm Al2O3, 2 bar, 5 s). Different upper-case letters in each column for 

each condition indicates significant differences (p<0.05).  

Table 3. Microshear bond strength (MPa) (Mean±standard deviation), maximum, minimum 

and confidence intervals (95%) at baseline, after surface conditioning methods, surface 

conditioning+ 37% H3PO4 of enamel. C: Non-conditioned enamel acting as the control group; 

SD: Silicone coated disc (Sof-Lex disc, Black, 3M ESPE); DB: Diamond bur at slow speed 

and AA: Air-borne particle abrasion (50 µm Al2O3, 2 bar, 5 s). Different upper-case letters in 

each column indicates significant differences (p<0.05).  
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Figures:  

 

 

Fig. 1. Flow-chart showing experimental sequence and allocation of groups.  
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Fig. 2 Sketch of the sequence of surface conditioning methods applied in 4 quadrants of enamel on 

incisors clockwise. 1) Non-conditioned enamel acting as the control group; 2) Silicone coated disc 

(Sof-Lex disc, Black, 3M ESPE); 3) Diamond bur at slow speed and 4) Air-borne particle abrasion (50 

µm Al2O3, 2 bar, 5 s). 
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Fig. 3 Frequencies of failure modes in percentages. Type I: Adhesive failure between the adhesive 

resin and the enamel; Type IIa: Mixed failure between the adhesive resin and the enamel with less than 

half of the adhesive remained on the enamel surface; Type IIb: Mixed failure between the adhesive 

resin and the enamel with more than half of the adhesive resin remained on the enamel surface; Type 

III: Cohesive failure in the cement; Type IV: Cohesive failure in the enamel. 
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a b c d 

   
 
 
Figs.  4a-d SEM images of a) C, b) SD, c) DB, d) AA before etching with 37% H3PO4 (x5000). Note 

the rough enamel surfaces especially in the air-abraded group. 

 

 

 

a b c  d 

   
 
 

Figs.  5a-d SEM images of a) C, b) SD, c) DB, d) AA after etching with 37% H3PO4 (x5000). Note the 

best enamel prism morphology in the group C followed by DB after etching. After SD, and AA 37% 

H3PO4 could not remove the particles completely and expose enamel prisms. 
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Table 1. Surface roughness (µm) (Mean±standard deviation), maximum, minimum and confidence intervals 

(95%) at baseline, after surface conditioning methods, surface conditioning + 37% H3PO4 of enamel. C: Non-

conditioned enamel acting as the control group; SD: Silicone coated disc (Sof-Lex disc, Black, 3M ESPE); DB: 

Diamond bur at slow speed and AA: Air-borne particle abrasion (50 µm Al2O3, 2 bar, 5 s). Different upper-case 

letters in each column for each condition indicates significant differences (p<0.05).  

 

 

 

 

 

 

Experimental 

Groups 

nq Mean (SD) Minimum Maximum Confidence Interval 

Lower Bound Upper Bound 

Baseline 

C 10 316±165A 75.9 873.1 263.659 369.780 

SD 10 347±167A 25.1 690.9 294.404 401.309 

DB 10 368±226A 76.7 1012.6 296.354 441.024 

AA  10 343±204A 64.9 893.4 227.825 408.606 

Surface Conditioning 

C 10 316±165A 75.9 873.1 263.659 369.780 

SD 10 308±180A 
48.2 772.6 250.803 366.242 

DB 10 242±197A,B 26.3 883.3 179.537 306.123 

AA  10 338±182C 38.6 809.9 280.249 396.981 

Surface Conditioning+37% H3PO4 

C 10 452±235A 157.2 1113.2 377.531 528.034 

SD 10 385±173A 97.0 760.9 330.327 441.583 

DB 10 307±223B 61.6 1016.4 235.659 378.921 

AA  10 414±193A 78.7 880.7 352.553 476.122 
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Table 2. Contact angle (θ) (Mean±standard deviation), maximum, minimum and confidence intervals (95%) at 

baseline, after surface conditioning methods, surface conditioning + 37% H3PO4 of enamel. C: Non-conditioned 

enamel acting as the control group; SD: Silicone coated disc (Sof-Lex disc, Black, 3M ESPE); DB: Diamond bur 

at slow speed and AA: Air-borne particle abrasion (50 µm Al2O3, 2 bar, 5 s). Different upper-case letters in each 

column for each condition indicates significant differences (p<0.05).  

 

 

 

 

 

 

 

Experimental 

Groups 

nq Mean (SD) Minimum Maximum Confidence Interval 

Lower Bound Upper Bound 

Baseline 

C 10 66±12A 38.3 87.1 62.575 70.398 

SD 10 65±12A 35.1 86.2 61.083 69.082 

DB 10 64±13A 33.0 84.8 60.609 68.961 

AA  10 67±13A 34.0 95.5 62.953 71.474 

Surface Conditioning 

C 10 66±12A 38.3 87.1 62.575 70.398 

SD 10 61±9A 
39.4 86.6 58.520 64.573 

DB 10 59±10A 34.1 84.7 55.839 62.776 

AA  10 40±11B 16.5 61.6 36.468 43.937 

Surface Conditioning+37% H3PO4 

C 10 55±12A 28.2 83.8 51.600 59.885 

SD 10 58±8A 40.9 73.7 55.951 61.288 

DB 10 50±10A 26.9 70.8 46.734 53.656 

AA  10 42±10B 18.9 81.2 38.699 45.596 
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Table 3. Microshear bond strength (MPa) (Mean±standard deviation), maximum, minimum and confidence 

intervals (95%) at baseline, after surface conditioning methods, surface conditioning + 37% H3PO4 of enamel. C: 

Non-conditioned enamel acting as the control group; SD: Silicone coated disc (Sof-Lex disc, Black, 3M ESPE); 

DB: Diamond bur at slow speed and AA: Air-borne particle abrasion (50 µm Al2O3, 2 bar, 5 s). Different upper-

case letters in each column indicates significant differences (p<0.05). 

Experimental 

Groups 

nq Mean (SD) Minimum Maximum Confidence Interval 

Lower Bound Upper Bound 

C 10 12±5A 5.3 24.7 11.204 14.446 

SD 10 18±9B 5.6 51.0 15.861 21.974 

DB 10 20±8B 8.1 50.4 18.032 23.713 

AA 10 13±5A 4.9 28.7 11.882 15.523 
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