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Effect of different bonding protocols 
on degree of monomer conversion and 
bond strength between orthodontic 
brackets and enamel 

Abstract: The objective of the present study was to evaluate the effect of 
different surface treatments and polymerization protocols on the bond 
strength of brackets to enamel, and the degree of conversion of the bonding 
agents. 120 bovine crowns were embedded in acrylic resin blocks and 
sanded. Next, the blocks were randomly assigned into 12 groups. Metal 
brackets were bonded to enamel according to the “surface treatment” factor 
(A: Phosphoric Acid; ATxt: Phosphoric Acid + Transbond XT Primer®; Tse: 
Transbond Plus Self Etching Primer®; and SBU: Scotchbond Universal®) and 
“polymerization” factor (R20: Radii-Cal®/20 seconds; V20: Valo Cordless®/20 
seconds; and V3: Valo Cordless®/3 seconds). All samples were stored for 6 
months (water, 37ºC) and then subjected to a shear bond strength test (SBS). 
Bond failures were classified according to the Adhesive Remnant Index 
(ARI) and analyzed with the Kruskal-Wallis and Mann-Whitney tests (5%). 
Using the same factors, 120 resin discs were made to assess the degree of 
conversion (DC) of the monomer. Data from the SBS (MPa) and DC (%) were 
analyzed by analysis of variance (2 factors) and Tukey’s test (5%). For the SBS, 
the factors “polymerization” (R20 = 8.1B; V20 = 13.2A; V3 = 5.2C, p = 0.0001) and 
“surface treatment” (A = 3.1C; ATxt = 13.6A; Tse = 12.3A; SBU = 6.3B, p = 0.0001) 
were statistically significant among groups. The highest adhesion value   
were found for the ATxt/V20 group (22.2A) and the lowest value   for the A/R20 
group (1.2E). Regarding ARI, score 2 was the most prevalent in groups A, 
ATxt, V20 and V3, while score 4 was the most prevalent in the Tse, SBU and 
R20 groups, with no significant difference between them (p = 1.0).  Regarding 
DC, the factors “polymerization” (R20 = 66.6A; V20 = 58.4B; V3 = 45.1C, p = 0.0001) 
and “surface treatment” (A = 52B, ATxt = 59.7A, Tse = 51.4B, SBU = 63.8A, 
p = 0.0001) were statistically significant. Tse was more sensitive to the 
variations in polymerization protocols than the other surface treatments. 
Treatment A did not present suitable bond strength or degree of conversion.

Keywords: Adhesiveness; Dental Enamel; Orthodontic Brackets.

Introduction

Orthodontics has evolved considerably in recent decades improving 
aspects such as treatment planning and diagnosis1, clinical performance2 
and patient comfort.3,4 Factors that can influence clinical performance 
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include bracket design and type5, composition of 
the orthodontic wire6, and, especially, the resins 
and adhesive systems used for bracket bonding.7,8 
Adhesion failures between bracket and tooth surface 
compromise the success of the orthodontic treatment, 
are costly, and cause inconvenience to the patient.3

Bonding brackets to dental enamel is a routine 
procedure in Orthodontics and it usually follows the 
protocol proposed by Buonocore9 in which the enamel 
surface is conditioned with 37% phosphoric acid to 
increase adhesiveness. Although prior acid conditioning 
(conventional system) is still the most employed method, 
the use of self-etching (single step) adhesive systems has 
recently gain some interest.10 In addition to simplifying 
the procedure with consequent reduction of clinical 
time and greater standardization, self-conditioning 
systems have greater tolerance to moisture3 and possible 
antimicrobial properties due to the presence of adhesive 
monomers in their composition.11

To be clinically effective, self-conditioning systems 
must promote a satisfactory bond strength between 
brackets and enamel. Some authors12 have found that 
self-etching systems can have acceptable clinical 
performance in the bonding of orthodontic brackets 
compared to the conventional system. On the other 
hand, recent studies have proposed the bonding 
of metallic brackets to enamel without the use of 
adhesives,13,14 since a consensus seems to exist in the 
literature that a minimum adhesion force (6 to 8 MPa) 
is sufficient in certain cases,15 and that very a high 
adhesive strength may increase the risk of enamel 
fracture and pulp damage during bracket removal.16

Another factor that can influence adhesive resistance 
is the polymerization protocol.17 A multitude of light-
curing devices is currently available, with varying light 
intensities and polymerization times.18 For example, the 
Valo Cordless®/Ultradent is supplied with a LED-type 
unit that includes an xtra power mode of 3200 mW/cm2 
intensity. Because of these high-intensity light waves, 
some authors4,19 have suggested a 3- to 6-second 
polymerization for bracket bonding. Conventional 
polymerization units emit light intensities from 1000 to 
1250 mW/cm² and are suitable for the bracket bonding 
with a time of 20 seconds per application.4

Based on the scientific literature, there is a wide 
diversity of protocols and clinical procedures for 

bonding orthodontic brackets, which makes it difficult 
for the clinician to make an informed decision. In 
addition, studies that compare different enamel 
surface treatments for metallic bracket bonding are 
lacking, and mostly performed using high intensity 
light curing units for short polymerization periods.

Therefore, the objective of this work was to 
evaluate the effect of different surface treatments 
and polymerization protocols on the bond strength 
between metallic brackets and enamel, and the degree 
of conversion of the bonding agents.

The hypotheses tested were: the adhesive strength 
of metallic brackets bonded to enamel and the degree 
of conversion of the bonding agents are influenced by 
the surface treatment and the polymerization protocol.

Methods

Materials
A description of the bonding materials of this 

study is shown in Table 1.

Shear Bond Strength
One hundred and twenty bovine lower incisors 

with intact crowns were selected. The soft tissue 
adhered to the roots was removed with periodontal 
curettes. The roots were separated from the crowns 
using a double–sided diamond disk mounted on a 
micromotor and straight handpiece and discarded. 
The crowns were then stored in distilled water at 
4°C until the specimens were prepared (ISO 11405).20 
The crowns were embedded in colorless chemically 
activated acrylic resin using a preformed rectangular 
mold made of industrial silicone. During insertion, the 
buccal surface of the crowns was in direct contact with 
the mold base, avoiding coating the surface with resin.

A 5-mm area of exposed enamel was flattened20 
under constant water irrigation, using sand paper 
of different granulations (# 200, 400 and 600) in a 
metal polisher/sander.

After flattening, dental prophylaxis was performed 
using a rubber cup, pumice stone, water and a 
micromotor in low rotation for ten seconds. Each 
rubber cup was used on a maximum of ten crowns. 
Lastly, the crowns were washed with water until 
complete removal of the pumice paste and dried 
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with air jets for 10 seconds. The area of the adhesive 
interface was delimited by placing an adhesive tape 
on the enamel with a circular hole of 4.5 mm diameter.

The 120 crowns were distributed according 
to the four types of surface treatment and three 
polymerization protocols, as shown in Figure 1.

For the phosphoric acid group (A group), the 
exposed enamel was conditioned with 37% Condac 
37® phosphoric acid (FGM, Joinville, SC, Brazil) for 15 
seconds. Afterwards, the surface was washed with a 
water jet (30 seconds) and dried with air jet for 5 seconds.

The phosphoric acid and the conventional Transbond 
XT Primer® adhesive system group (ATxt group) had the 
exposed enamel conditioned as A group. Next, the adhesive 
system was applied with a microbrush and the excess 
adhesive was removed with a light air jet for 2 seconds.

For the Transbond Plus Self Etching Primer® group 
(Tse group), the enamel surface was rubbed with the 
product for 3 seconds according to the manufacturer’s 
recommendations. The excess adhesive was removed 
by a light air jet for 2 seconds.

For the Scotchbond Universal® self–etching 
adhesive system group (SBU group), the product 
was applied with a microbrush for 20 seconds and 
the excess removed with a light air jet for 5 seconds.

Bracket bonding was performed by the same operator 
in all samples. The base of Roth Light® lower incisor 
brackets (Morelli, Sorocaba, Brazil) was coated with 
Transbond XT light cure adhesive paste® and the bracket 
was positioned on the buccal face of the crowns, parallel 
to the long axis of the teeth. The excess resin around 
the brackets was removed with an exploratory probe.

Table 1. Bonding materials used in this study. 
Material/ Lot Manufacturer Composition % per weight

Transbond XT 
Primer®/Lot 
N682347

3M Unitek 
(Monrovia, USA)

BisGMA 45–55*
TEDMA 45–55*
Triphenyl antimony < 1*
(4dimethylamine) –benzenethanol) < 0.5*
DLCaforquinone < 0.3*
Hydroquinone < 0.03*

Transbond Plus Self 
Etching Primer®/Lot 
B25723569486

3M Unitek 
(St. Paul, USA)

2–propenoic acid, 2–methyl, phosphonicobis (oxy–2,1–ethanediyl) ester 25–40*
Water  
Mono HEMA phosphate 15–25*
Tri [2 (methacryloyloxy) ethyl] phosphate 10–25*
DL–Caforquinone 1–10*
N, N–Dimethylbenzocaine < 3*
Dipotassium hexafluorotitanate < 3*

Scotchbond 
Universal®/Lot 
582958

3M Espe 
(Sumaré, Brazil)

BisGMA 15–25
–Hydroxyethyl methacrylate 15–25
Decamethylene dimethacrylate 11–15
Water 12–15
Ethanol 01–15
silane treated silica 05–15
1,10–Decanediol phosphate methacrylate 01–10
Acrylic copolymer and itaconic acid 01–05
2–Dimethylaminoethyl methacrylate < 2
N, N–Dimethylbenzocaine < 2
Caforquinone < 2
Methyl ethyl ketone < 0,5

Transbond XT 
Adhesive Paste®/Lot 
N686755

3M Unitek 
(Monrovia, USA)

Treated silane quartz 70–80*
BisGMA 10–20*
bisphenol A bis (2–hydroxyethyl ether) dimethacrylate 5–10*
Treated silane silica < 2*
Diphenyliodonium hexafluorophosphate < 0,2*

BisGMA: Bisphenol dimethacrylate A diglycidyl ether; TEGDMA: Dimethacrylate triethylene glycol; HEMA: 2–Hydroxyethyl  methacrylate.  *The 
specific chemical identity and/or exact percentage (concentration) of this composition is maintained as a trade secret.
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Three polymerization protocols were evaluated: 
Radii–Cal® (SDI, São Paulo, SP, Brazil) for 20 seconds 
(R20 protocol), Valo Cordless® (Ultradent, South 
Jordan, Utah) for 20 seconds (V20 protocol) and Valo 
Cordless® for 3 seconds (V3 protocol). The light was 
directed to the center of the bracket and the tip of 
the light–curing device touched the buccal surface 
of the bracket.

The specimens from the 12 groups were stored in 
distilled water (37°C) for 6 months. After this period, 
the shear test was performed in a Shimadzu AGS–X® 
universal testing machine (Shimadzu, Barueri, Brazil), 
in which a metal device secured the specimen so that 
the metal/enamel interface remained perpendicular 
to the horizontal plane. A blade was attached to the 
load cell (300 Kgf) of the machine and applied to 
the metal/enamel interface at a constant speed of 
1 mm/min until fracture occurred.

The adhesive strength required to detach the 
bracket was given in Newton (N) and converted to 
Megapascal (MPa) according to the following formula, 
with A being the base area of the bracket (14 mm2):

R (MPa) =
F (N)

A (mm2)

Failure type analysis: Adhesive Remnant 
Index (ARI) 

The types of fai lure were analyzed in a 
stereomicroscope (Nikon SMZ800, Tokyo, Japan) 
with a 25× magnification and classified according to 
the ARI proposed by Bishara and Trulove:21 score 1 – 
all the resin stays on enamel, score 2 – more than 
90% of the resin stays on enamel, score 3 – between 
10 and 90% of the resin stays on enamel, score 4 – 
less than 10% resin stays on enamel, and score 5 – no 
resin is observed on enamel. The rating was based on 
the evaluation of a single operator. Intra–examiner 
calibration was obtained with the Kappa Index from 
re–evaluation of 10% of the samples after 15 days.

Degree of conversion 
One hundred and twenty resin discs (n = 10/

group) with an average of 0.1 mm thickness and 5 mm 
diameter were made by a single operator to analyze 
the degree of conversion of the bonding agents tested 
in the shear bond strength test.

A 2 mm portion of the Transbond XT adhesive 
paste® was placed on a microscopy glass slide (26 mm 
x 76 mm x 1 mm) and covered with a polyester strip. 
Next, a metal orthodontic bracket identical to the 

Phosphoric Acid 37%
(A)

Radii-Cal®

20 seconds
(R20)

Radii-Cal®

20 seconds
(R20)

Radii-Cal®

20 seconds
(R20)

Radii-Cal®

20 seconds
(R20)

Valo Cordless®

20 seconds
(V20)

Valo Cordless®
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(V3)

Valo Cordless®
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Valo Cordless®
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Figure 1. Flowchart indicating surface treatments and polymerization protocols performed during bracket bonding.
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one used in the previous test was pressed onto the 
polyester strip, simulating the light pressure applied 
clinically during bracket bonding. The samples 
were subjected to the same polymerization and 
light exposure protocols as used for the shear test 
(R20, V20 and V3). After removal of the bracket and 
the polyester strip, the discs were created and used 
to assess the degree of conversion corresponding to 
the A group (37% phosphoric acid).

The above sequence was carried out 3 times, 
each time applying a drop of the Transbond XT 
Primer®, the Transbond Plus Self Etching Primer®, 
or the Scotchbond Universal® adhesive system on 
the microscopy glass slide, prior to adhesive paste 
application. The originated specimens were used to 
assess the degree of conversion of the monomer in 
the groups ATxt, Tse and SBU. 

All specimens were stored for 24 hours in dark 
Eppendorf tubes to prevent light exposure and 
complete the polymerization process. The degree of 
conversion analysis was done in a Fourier Transform/
FT–IR Infrared Spectrophotometer (IRAffinity–1®, 
Shimadzu, Tokyo, Japan) equipped with an attenuated 
total reflectance device (MIRacle HATR module with 
ZnSe, PIKE Technologies, Madison, USA).

 The software used to measure spectra was the 
Shimadzu IRsolution 1.60® (Shimadzu Corporation, 
2011). The results were initially normalized for baseline 
adjustment. All spectra were obtained under the 
following conditions: absorbance mode; 32 number 
of scans; 700 to 4000 cm–1 range; and 4 cm–1 resolution.

Since the predominant monomer in the Transbond 
XT Adhesive Paste® is BisGMA (Table 1), the degree of 
conversion (%) was calculated by the band intensity ratio 
for the double bonds of the methacrylate group (with 
energy absorption in the 1637 cm–1 region, aliphatic 
peak) and the band intensity of the double aromatic 
bonds (with energy absorption in the 1608 cm–1 region, 
aromatic peak), using the following formula:

R(1638/1608) polymerized sample
GC (%) = 1 - x 100

R(1638/1608) non-polymerized sample

In which R (1638/1608) represents the ratio of the 
values obtained for the most stable wavelength peaks 
(1638 nm and 1608 nm). 

Power of the polymerization units
The power of the light–curing units used in this 

study was measured by a single operator through the 
analogue radiometer Led–Kondortech® (Kondortech, 
São Carlos, SP, Brazil), with sensitivity varying from 
0 to 3000 mW/cm2. The units were fully charged 
during the measurement.

Data analysis
The database was built on the Statistix® software 

platform (Analytical Software Inc., version 8.0, 2003), 
and a significance level of 5% was considered in all 
cases. Sample power was calculated through the 
website www.openepi.com. Shear bond strength 
test results (MPa) and degree of conversion (%) were 
evaluated descriptively, and compared through analysis 
of variance (2 factors) and the Tukey’s test. The ARI 
results were analyzed descriptively and compared 
using the Kruskal–Wallis and Mann–Whitney tests.

Results

Shear bond strength test
The results of the 2 factors ANOVA for the 

experimental conditions are presented in Table 2. Mean 
bond strength values were significantly affected by 
the “polymerization” (p<0.05) and “surface treatment” 
(p < 0.05) factors. The interaction between the factors 
was also statistically significant (p < 0.05).

The means and standard deviations of the 
experimental groups are presented in Table 3 and 
plotted in Figure 2. The V20 (13.271 MPaA) protocol 
resulted in adhesive resistance values   statistically higher 
than R20 (8.146 MPaB) and V3 (5.26 MPaC), which were 
statistically different from each other. Regarding the 

Table 2. Results of 2 factors ANOVA for the “polymerization” and 
“surface treatment” factors according to bond strength (*p < 0.05).
Factors GL SQ MQ L p
Polymerization 2 1316.20 658.101 44.27 0.0001*
Surface treatment 3 2207.16 735.718 49.49 0.0001*
Polymerization* 
surface treatment  

6 1177.55 196.259 13.20 0.0001*

Error 108 1605.56   14.866   
Total 119 6306.47    

GL: degrees of freedom; SQ: sum of squares; MQ: mean squares; 
L: freedom. *Statistically significant difference at the 5% level.
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“surface treatment” factor, phosphoric acid followed by 
Transbond XT Primer® generated adhesive resistance 
values   (ATxt = 13.63 MPaA)  similar to Transbond 
Plus Self Etching Primer® (Tse = 12.38A MPa), which 
were statistically higher than Scotchbond Universal® 
(SBU = 6.37B MPa) and phosphoric acid conditioning 
alone (A = 3.18C MPa). The highest bond strength results 
were obtained for the ATxt/V20 (22.298 MPaA), Tse/V20 
(17.05 MPaAB), Tse/R20 (15.33 MPaB) and ATxt/R20 (12.78 

MPaBC) groups. The lowest values   were obtained for 
the A/R20 group (1.27MPaE).

Failure type analysis: Adhesive 
Remnant Index 

The intra–examiner agreement for failure type 
analysis was considered high (k = 0.85). A significant 
difference (p < 0.05) in ARI scores prevalence was found 
for the comparisons between scores 1 and 4, 1 and 2, 4 

Table 3. Bond strength values (MPa) according to the factors “surface treatment” and “polymerization” (n = 10). 

Group Surface treatment Polymerization Mean ± DP

A/R20

 Phosphoric Acid 37%
Radii 20 s 1.27 ± 0.81E

A/V20 Valo 20 s 5.28 ± 3.74DE

AV3 Valo 3 s 2.99 ± 1.26 DE

ATxt/R20

Phosphoric Acid 37% +Transbond XT Primer ®

Radii 20 s 12.78 ± 6.45BC

ATxt/V20 Valo 20 s 22.29 ± 5.10A

ATxt/V3 Valo 3 s 5.81 ± 3.78 DE

Tse/R20

Transbond Plus Self Etching Primer®

Radii 20 s 15.33 ± 7.08B

Tse/V20 Valo 20 s 17.05 ± 8.26AB

Tse/V3 Valo 3 s 4.75 ± 1.80DE

SBU/R20

Scotchbond Universal®
Radii 20 s 3.18 ± 1.25DE

SBU/V20 Valo 20 s 8.44 ± 3.31CD

SBU/V3 Valo 3 s 7.47 ± 3.16 CD

Tukey test (p <0.05%). Equal letters indicate statistical similarity.

(Mpa)

R20 V20 V3 R20 V20 V3 R20 V20 V3 R20 V20 V3

30

25

20

A

ATxt

Tse

SBU

15

10

5

0

Figure 2. Bond strength values (MPa) ± standard deviation, according to “surface treatment” (A, ATxt, Tse, SBU) and “polymerization” 
(R20, V20, V3) factors.
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and 5, and 2 and 5. Score 2 was the most prevalent for 
surface treatments A (n = 12) and ATxt (n = 19) and score 
4 for Tse (n = 13) and SBU (n = 12) groups. As for the 
polymerization protocol, score 4 was the most prevalent 
in groups R20 (n = 16), while score 2 was more prevalent 
in groups V20 (n = 20) and V3 (n = 20). There was no 
significant difference between scores 2 and 4 (p = 1.000). 
Table 4 describes the distribution of ARI scores after 
the shear bond strength test by experimental group.

Degree of conversion 
The ANOVA results for degree of conversion are 

presented in Table 5. Mean values were significantly 

affected by the “polymerization” (p < 0.05) and “surface 
treatment” (p < 0.05) factors. The interaction between 
factors was also statistically significant (p < 0.05). 

The mean and standard deviations for degree of 
conversion are shown in Table 6. The R20 polymerization 
protocol promoted statistically higher degree of conversion 
(66.67%A) than V20 (58.48%B) and V3 (45.12%C), which are 
statistically different from each other. Regarding the 
“surface treatment” factor, SBU (63.84%A) generated 
similar values of conversion to ATxt (59.71%A), which 
were statistically superior to A group (52.01%B) and Tse 
group (51.47%B). The highest degrees of conversion were 
obtained for the Tse/R20 (82.3%A), SBU/R20 (69.73%AB), 
and SBU/V20 (68.35%ABC) groups. The lowest values were 
obtained for Tse/V20 (49.38%D) and A/R20 (49.96%D) groups.

Power of polymerization units
Table 7 shows the activation time used, the power 

reported by the manufacturer and the power verified 

Table 4. Distribution of ARI scores after shear bond strength 
test by experimental group (n,%). 

Group Score  1 Score  2 Score 3  Score 4 Score 5

A

R20 0 (0%) 1 (10%) 4 (40%) 5 (50%) 0 (0%)

V20 0 (0%) 8 (80%) 1 (10%) 1 (10%) 0 (0%)

V3 0 (0%) 3 (30%) 2 (20%) 5 (50%) 0 (0%)

ATxt

R20 0 (0%) 3 (30%) 0(0%) 7 (70%) 0 (0%)

V20 0 (0%) 6 (60%) 0 (0%) 4 (40%) 0 (0%)

V3 0 (0%) 10 (100%) 0 (0%) 0 (%) 0 (0%)

Tse

R20 0(0%) 5 (50%) 2 (20%) 3 (30%) 0 (0%)

V20 0 (0%) 6 (60%) 0 (0%) 4 (40%) 0 (0%)

V3 0 (0%) 1 (10%) 3 (30%) 6 (60%) 0 (0%)

SBU

R20 0 (0%) 1 (10%) 8 (80%) 1 (10%) 0 (%)

V20 0 (0%) 0 (0%) 1 (10%) 9 (90%) 0 (0%)

V3 0 (0%) 6 (60%) 2 (20%) 2 (20%) 0 (0%)

Score 1: all resin in enamel, Score 2: more than 90% resin in 
enamel, Score 3: between 10% and 90% resin in enamel, Score 4: 
less than 10% resin in enamel, Score 5: no resin in the enamel.

Table 5. ANOVA results for the “polymerization” and “surface 
treatment” factors according to the degree of conversion 
(*p <0.05).
Factors GL SQ MQ L p
Polymerization 3 3282.2   1094.05    9.79 0.0001*
Surface treatment 2 9461.0   4730.52   42.33 0.0001*
Polymerization* 
surface treatment  

6 10806.7   1801.11   16.12 0.0001*

Error 108 12070.2    111.76   
Total 119 35620.0    

GL: degree of freedom; SQ: sum of squares; MQ: mean squares; 
L: freedom. *Statistically significant difference at the 5% level.

Table 6. Degree of conversion (%) according to the factors “surface treatment” and “polymerization” (n = 10). 

Group Surface treatment Polymerization Mean ± DP

A/R20

Phosphoric Acid 37%

Radii 20 s 49.96 ± 9.41D

A/V20 Valo 20 s 55 ± 1223BCD

A/V3 Valo 3 s 51.07 ± 6.47D

ATxt/R20

Phosphoric Acid 37% + Transbond XT Primer®

Radii 20 s 64.68 ± 2.7BCD

ATxt/V20 Valo 20 s 61.2 ± 1731BCD

ATxt/V3 Valo 3 s 53.26 ± 1329CD

Tse/R20

 Transbond Plus Self Etching Primer®

Radii 20 s 82.3 ± 13.48A

Tse/V20 Valo 20 s 49.38 ± 13.32D

Tse/V3 Valo 3 s 22.73 ± 9.34E

SBU/R20

 Scotchbond Universal®
Radii 20 s 69.73 ± 3.91AB

SBU/V20 Valo 20 s 68.35 ± 7.43 ABC

SBU/V3 Valo 3 s 53.45 ± 7.70 CD

Tukey’s test (p <0.05%); Equal letters indicate statistical similarity.
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by measuring the radiometer for each polymerization 
unit tested in the study.

Sample power 
Considering the mean difference between the 

ATxt/R20 group and the Tse/V3 group, with 95% 
confidence interval, the power of the sample for the 
shear bond strength test was estimated at 96.3%, and 
at 100% for the degree of conversion.

Discussion

Prior to the shear test, the samples were stored 
for 6 months in distilled water at 37°C. Several 
studies described shorter storage times such as 24 
hours3,4,10,12 and 30 days16, especially those testing 
orthodontic bracket adhesion. However, according 
to some authors,22 bond strength decreases after 6 
months of water storage. It is believed that water 
storage promotes a decrease in adhesion due to 
degradation of the adhesive interface components 
by hydrolysis.23 In addition, water may also infiltrate 
and weaken the mechanical properties of the polymer 
matrix.24 Another widely reported aging technique 
is thermocycling.25–,6 According to the literature,27 
both thermocycling and water storage are efficient in 
vitro methods to simulate the performance of dental 
materials in vivo.

Based on the main results presented in this study, 
the hypothesis that the surface treatment influences 
the adhesive strength of metallic brackets bonded to 
enamel was accepted. The groups treated with 37% 
phosphoric acid and no adhesive (A group), showed the 
lowest adhesive strength values (between 1.27 and 5.28 
MPa), independent of the polymerization unit used; 
the values   achieved are considered insufficient for 
orthodontic purposes.15 This contradicts the findings 
of Altmann et al.14 and Bazargani et al.,13 which suggest 

that adhesive application is a dispensable step during 
orthodontic bonding. However, Altmann et al.14 drew 
their conclusions from a systematic review in which 
they included in vitro studies that evaluated immediate 
bond strength, while the results of this study were 
obtained after 6 months of storage in water. The study 
by Bazargani et al.13 consisted of a clinical trial assessing 
failure rates over a 2–year period in young patients, 
and found significantly different rates between groups 
that used adhesive (4.1%) or not (12.1%).

The use of phosphoric acid followed by adhesive 
application (ATxt) is the treatment recommended by 
most clinical studies in the area.19,28 The adhesive 
resistance values   for this protocol suffered significant 
variations according to the polymerization unit used. 
This was evidenced in the samples submitted to 
20–second polymerization either by Radii–Call or Valo 
Cordless, with averages very close to or greater than 
13 MPa. According to the literature,29 values higher 
than 13 MPa might increase the risk of enamel rupture, 
since the cohesive forces of enamel can be exceeded. 
Only the group polymerized by Valo Cordless for 3 
seconds approached the clinically acceptable15 range 
of 6 to 8 MPa, as opposed to the results presented by 
Oz et al.4 and Lee et al.,30 who reported averages of 
11.43 MPa and 16 MPa, respectively for the Radii–Call 
and Valo Cordless. The difference is probably because 
the two studies evaluated adhesive resistance after 
a very short storage period (24 hours). In addition, 
Lee et al.30 used two exposures of 3 seconds each, 
whereas this study used a single exposure of 3 seconds.   

Regarding the adhesive resistance of the groups 
treated with the orthodontic self–etching adhesive 
system (Tse), averages higher than 13 MPa (above 
the ideal resistance) were observed with a 20–second 
polymerization. However, in spite of these values, no 
fractures were observed in enamel according to the 
Adhesive Remnant Index. Torres et al.,26 using similar 

Table 7. Power of the polymerization units according to the manufacturer and the calibration in the radiometer.

Polymerization unit
Time Power (according to the manufacturer) Power (according to  the radiometer

(seconds) (mW/cm2) (mW/cm2)

Radii Cal® 20 1200 1000

Valo Cordless® 20 1000 1100

Valo Cordless® 3 3200 2600
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curing time and equipment, reported similarly high 
averages in groups submitted to aging. The values 
obtained with Tse cured for 3 seconds in this study 
were insufficient for orthodontic bonding.15

When comparing adhesive resistance between 
the conventionally treated groups (ATxt) and the 
orthodontic self–conditioning system (Tse) for each 
polymerization units, no difference was found, thus 
corroborating the findings of previous studies.12,26,31 
No previous study compared ATxt and Tse surface 
treatments submitted to 3–second curing.

The self–etching adhesive system SBU, unlike Tse, 
was not specifically developed for orthodontic use, 
being used in dental substrates, methacrylate–based 
materials, zirconia ceramics, and metal alloys.32 It consists 
of three chemical components: methacrylate monomers, 
silane and phosphate monomers.33 According to the 
manufacturer, the MDP phosphate monomer allows 
greater adhesion to the enamel, and can be used as a 
metallic primer, resulting in greater adhesion in the 
self–conditioning technique. Despite this, the groups 
treated with SBU did not show adhesive resistance 
values   above the acceptable limit; results were similar to 
samples treated with phosphoric acid alone when using 
the same polymerization units. However, it is important 
to note that SBU and polymerization with the Valo unit 
(independent of time) yield clinically acceptable results, 
differently from samples treated with acid alone, which 
showed insufficient values of resistance,15 independent 
of the polymerization protocol (unit and time).

The second hypothesis tested in this study was also 
accepted, as the polymerization protocol influenced 
the adhesive strength of metallic brackets bonded to 
enamel. Radii Call is a conventional polymerization 
unit that emits light intensity of around 1000 to 1250 
mW/cm² and is suitable for use when working with 
20–second applications.4 The Valo Cordless can 
function as a conventional unit when working in the 
standard mode, with 1000 mW/cm² (according to the 
manufacturer) and 1100 mW/cm² (according to the 
radiometer) emissions. The unit can also emit high 
light intensities in the extra–power mode, which emits 
3200 mW/cm² according to the manufacturer, but only 
2600 mW/cm² according to the radiometer. According 
to the manufacturers, these high–intensity units can 
polymerize brackets in 3 to 6 seconds.25 However, other 

authors34 believe that the exaggerated acceleration 
of chemical reactions may increase polymerization 
stress and interfere with enamel bonding.

In general, the highest values   of adhesive strength 
were obtained with the Valo unit in the standard mode (20 
seconds), but values   were mostly similar to those obtained 
by the Radii unit (20 seconds). The exception was in the 
conventionally treated group (ATxt). When comparing 
3– and 20–second curing times, independent of the 
polymerization unit, strength values were significantly 
different in groups ATxt and Tse. Previous studies4,19 
evaluating the Valo unit in the extra–power mode 
performed conventional enamel surface treatment in 
all groups (ATxt). For example, when comparing Valo 
(3200 mW/cm2, 3 seconds) and Elipar S10 (1600 mW/cm2, 
10 seconds), Oz et al.4 found no difference in adhesive 
strength in vitro, or in clinical failure rates observed over 
12 months. Ward et al.19 compared standard and extra–
power modes of the Valo unit and found no difference in 
clinical failure rates. However, these authors performed 
the extra–power mode polymerization for 6 seconds 
rather than 3 seconds as in the present study, which 
obtained significantly different adhesive strength values   
for the Valo for 20 seconds, the Radii for 20 seconds and 
the Valo for 3 seconds.

It is important to elucidate that desirable values   of 
bracket adhesion parameters, mentioned throughout 
the discussion, were obtained from classic works.15,29 
However, they are little old manuscripts and provide 
information based on clinical situations that have 
been altered over time. Therefore, it is necessary to 
consider the temporal limitation of these parameters.

Overall, the evaluation of the Adhesive Remnant 
Index (ARI) in this study showed a predominance 
of score 2 in certain tests, and score 4 in others. 
Score 4 predominated in the A/R20 and A/V3 groups, 
indicating a weaker adhesion in the adhesive 
resin–enamel interface. This corroborates the low 
bond strength values obtained in the shear test 
and reinforces the hypothesis that the acid–only 
surface treatment causes insufficient adhesion 
between adhesive resin and enamel. The exception 
was in the A/V20 group, which showed a strong 
predominance of score 2, again in agreement with 
the results of the shear test, which showed higher 
bond strength values in this group.
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Score 2 was more frequently observed in most 
of the conventionally treated groups (ATxt/V20 and 
ATxt/V3), showing a predominance of resin–bracket 
interface failures. According to Usumez (2002),35 the 
literature is controversial as to the most desirable 
type of failure. Some authors36 suggest that a smaller 
amount of adhesive remaining in the enamel results in 
a shorter clinical time for cleaning and polishing the 
teeth after brackets removal. However, other authors37 
prefer having a greater amount of adhesive remnant 
on the enamel surface, as the residues can be carefully 
removed with specific burs and this prevents cracks 
and fractures. This seems contradictory, considering 
that higher bond strength values in lower ARI scores, 
in general. Therefore, a greater amount of adhesive 
in enamel is associated with cracks and fractures of 
enamel during bracket removal.15

The hypotheses that “surface treatment” and 
“polymerization” influence the degree of conversion 
of bonding agents were also accepted, as well as the 
existence of the interaction between both factors. 
In general, most of the groups showed low degree of 
conversion values (between 49.38% and 69.73%). This 
results might have been found because the degree 
of conversion was measured at the site where the 
center of the bracket base had been positioned, i.e. 
where light incidence is the lowest.38 In addition, most 
studies reporting degree of conversion perform the 
polymerization without the  bracket in place, yielding 
values that do not reflect clinical reality.39 

According to some authors,39 a higher unit power 
results in a higher degree of conversion. Nonetheless, 
other authors40 have concluded that time is more 

important than power for conversion of the monomers 
into polymers. In our study, no difference was observed 
between the degree of conversion when comparing 
groups V20 and V3; therefore, it is believed that the 
higher power in the polymerization unit was sufficient 
to compensate the reduction in polymerization time.

The Tse group was the most affected by different 
polymerization protocols. The degree of conversion 
ranged from 22.73% to 82.3% and was statistically 
different among R20, V20 and V3 groups. Shear bond 
strength values also showed significant variation 
(between 4.75 MPa and 17.05 MPa), which corroborates 
the theory that Tse appears to be more sensitive to 
polymerization protocol variations than the other 
surface treatments.

Finally, the results discussed herein are extremely 
important for evaluating the adhesive strength of 
metallic brackets bonded to enamel using different 
surface treatments and polymerization protocols, as 
well as the degree of conversion of the tested agents. 
However, the findings need to be complemented and 
validated through clinical trials.

Conclusions

Surface treatment and polymerization protocol 
influence both adhesive strength and the degree of 
conversion during metal bracket bonding to enamel; 
the treatment with self–etching primer is more sensitive 
to variations in polymerization protocols than the 
other surface treatments. Using phosphoric acid alone 
does not provide suitable bond strength or degree 
of conversion for bonding metal brackets to enamel.
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