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Summary

Objective > The aim of this in vitro study was to compare the shear bond strength (SBS) and the
adhesive remnant index (ARI) of the metal APCTM Flash-Free adhesive system, the APCTM pre-
coated adhesive system and a conventional uncoated system.
Materials and methods > One hundred eighty-six freshly extracted human premolars were ran-
domly divided into 3 groups and bonded by a single operator. Group A/Control Group (60 teeth):
the manual bonding group treated with TransbondTM XT Light Cure Adhesive Paste (3MTM Unitek).
Group B (60 teeth): treated with APCTMII metal maxillary premolar precoated brackets. Group C
(66 teeth): treated with metal maxillary premolar APC Flash-Free brackets. The teeth were then
stored in distilled water at 37

̊
C for 24 hours, and five hundred cycles of thermocycling were

performed. The Shear Bond Strength (SBS) test was performed using an Instron Universal Testing
Machine, and the adhesive remnant index (ARI) was determined using a dental optical microscope
at �25 magnification.
Results > The mean shear bond strength values showed differences between the three types of
brackets (P = 0.016; Anova). It was significantly higher with APCTMII and lower with APC Flash-Free
brackets; however, no significant differences were found between conventional and APC Flash-
Free brackets (P-value = 0.574). The distribution of the dichotomized ARI score was significantly
different between the three brackets (P-value = 0.049). The ARI score for APC Flash-Free brackets
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was higher with no significant difference between the conventional system and APC brackets (P-
value = 0.361).
Conclusions > The mean SBS values were not significantly different between APC Flash-Free metal

brackets and uncoated metal brackets. The APC Flash-Free metal system's bond failure occurred at
the bracket-adhesive interface, with the highest percentage of teeth having more than 50% of the
residual composite on the enamel after debonding. O
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Introduction
One of the major concerns of orthodontists in their treatments is
the quality of the adhesive system used. Three main compo-
nents must be considered to optimize orthodontic bonding: the
surface of the tooth by a proper enamel preparation; the base of
the bracket manufactured to increase the mechanical retention;
and the bonding material itself. Several methods of enamel
surface preparations are proposed to increase shear bond
strength, such as sandblasting, laser application or enamel
deproteinization with 5.25%sodium hypochlorite. However,
results were controversial and in our previous study with a
varying application times and a self-etching primer TransbondTM

Plus, the deproteinization prior to bonding orthodontic brackets
does not have any statistically significant effect on the brackets
shear bond strength [1]. When direct bonding technique is used
to bond the brackets, orthodontists can either choose the con-
ventional system with a manual application of the adhesive to
the base of the bracket or the adhesive pre-coated bracket
system (APC brackets) introduced in 1991–1992 by 3MTM with
the clinical advantage of a reduction in failure rates and chair
time [2,3]. However, the studies that compared APC and con-
ventional brackets shear bond strength were not conclusive [4].
With the recently developed Flash-Free adhesive system bond-
ing, the manufacturer eliminated the need for adhesive flash
clean-up. The pre-coated system, APC Flash-Free Adhesive
Coated Appliance System developed by 3MTM Unitek (Monrovia,
Calif.), reported a time savings of more than 20 percent over the
conventional adhesive system [5–7]. With this system, the
adhesive is contained within a nonwoven polypropylene fibre
mesh on the bracket base applied during the manufacturing
process. Regarding the ceramic Flash-Free brackets, the low-
viscosity adhesive has been associated with reduced bond
strength, which in turn may increase bracket failure [6] com-
pared to the conventional precoated attachments. Other studies
claimed similar or even higher shear bond strength values
compared with the APC PLUS adhesive and manual bonding
systems [7,8].
However, the bracket survival and the ARI (Adhesive Remnant
Index) with the metal attachment APC Flash-Free system have
not yet been independently studied.
The aim of this in vitro study is to compare shear bond strength
(SBS) values and the ARI scores of the metal APCTM Flash-Free
2

adhesive system, the APCTM pre-coated adhesive system, and a
conventional uncoated system.

Materials and methods
Sample size and power of the study
The significance level was set at 0.05 and the power level at
0.80. A sample size of 60 premolars in each group would detect
a significant difference with an estimated effect size of 3.1 MPa.

Ethical Approval
An informed consent of the patients was signed to extract and
use the teeth. The study was approved by the ethical committee
of the Saint Joseph University (USJ-2019-156).

Methodology
For orthodontic purposes, a total of one hundred eighty-six
freshly extracted human premolars were collected, washed in
running water to remove residual blood and adherent tissue,
stored in a solution of 0.1% thymol for one week, then kept in
distilled water in the refrigerator at 4 8C. To minimize deterio-
ration, distilled water was replaced at least once every two
months, without any additional chemical agents. In this study,
the selection of substrates, storage and manipulations, as well
as the different test methods for quality testing were used as
described in ISO/TS 11405:2003 [9]. All teeth were cleaned and
selected without any cracks, decays or white spots and had not
been treated with hydrogen peroxide in the last 6 months.
The roots of the teeth were embedded into a cold-cure acrylic
resin (Lang Dental Manufacturing Co., Inc., Wheeling, IL) poured
into rectangular plastic molds, each one measuring
25 � 25 � 30 mm3. The molds were numbered from 1 to
186 prior to orthodontic bonding, then each tooth was mounted
in the resin vertically through a piece of wax covering the mold
in order to hold it vertically until the polymerization of the resin.
The enamel was etched with 37% phosphoric acid gel for
30 seconds, then rinsed thoroughly with water and dried with
air for 10 seconds. An adhesive primer (TransbondTM XT, 3MTM/
Unitek, Monrovia California, USA) was applied on the buccal
surfaces using a microbrush. The teeth were randomly divided
into 3 groups and bonded by a single operator according to one
of the three following procedures, with 3 different kinds of
attachment:

�
 the manual bonding Group A/Control Group (60 teeth): a
TransbondTM XT Light Cure Adhesive Paste (3MTM Unitek)
tome 20 > n84 > December 2022



Figure 1
500 cycles of thermocycling in deionized water between 5 8C and
55 8C
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was applied to the uncoated conventional metal bracket.
Excess adhesive resin around the bracket was removed with
a probe;
�
 the APCTMII metal maxillary premolar precoated brackets
Group B (60 teeth): excess adhesive resin was removed.
The bonding of the attachments of groups A and B was done
blindly by the orthodontist;
�

Figure 2
Instron Universal Testing Machine
the metal maxillary premolar APC Flash-Free brackets Group C
(66 teeth): the orthodontist was informed not to remove the
excess as per the manufacturer's protocol. The bracket base
area of 9.097 mm2 was provided by the manufacturer. All the
premolar metal brackets (Victory Series, low profile, 3MTM

Unitek) were 0.022-inch MBT slots, differed only by the adhe-
sive used on the brackets, and were placed and firmly posi-
tioned on the enamel surface. The adhesive resin used was
non-colour changing and was polymerized for a total of
10 seconds with an Ortholux Luminous Curing Light (3MTM

Unitek) at an intensity of 1600 mW/cm2 blue LED. The teeth
were then stored in distilled water at 37

̊
C and incubated for

24 hours to allow complete polymerization of the bonding
material. Thermocycling test (500 cycles, 5 8C–55 8C, 20s per
cycle) were performed in deionized water (figure 1).

Outcomes
Primary outcome: shear bond strength evaluation
The teeth were blindly and randomly chosen from the 3 groups.
Shear bond strength was measured using an Instron Universal
Testing Machine (Instron Model 5566A, Norwood, Mass) as
recommended by Klocke and Kahl-Nieke [10]. Each mold con-
taining the tooth was placed into a resin base, which was
customized and manufactured for this purpose. The tooth
was oriented so the buccal surface was parallel to the vector
of the compressive force of the machine, and the machine's
blade was adjusted to hit vertically behind the slots of the
bonded bracket for the shear strength test. A gingival occlusal
shear tension load was performed at a crosshead speed of
me 20 > n84 > December 2022
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1 mm/min until the bracket was debonded. The bond strength
was calculated in N/mm2 and converted into megapascals
(MPa) (figure 2).
Secondary outcome: adhesive remnant index score
evaluation
Prior to any cleanup procedures, an adhesive remnant index
(ARI) assessment was carried out on each tooth. The teeth were
examined with a dental optical microscope (Leica M320 for
dental, Dental microscope, Leica microsystems, Wetzlar,
Germany) under 25� magnification. The residual adhesive on
the bracket and enamel was assessed using the modified ARI as
described by Artun and Bergland [11]. This three-scaled scoring



TABLE I
Shear bond strength among the different groups of brackets.

Shear bond strength (MPa)

Types of Brackets n Mean Std. Dev Minimum Maximum

Conventional 60 9.395a 5.455 1.76 27.92

APC 60 11.689b 6.551 3.41 35.51

APC Flash free 66 8.809a 5.452 2.09 29.35

adifferent letters indicate the presence of significant difference with Tukey.
bdifferent letters indicate the presence of significant difference with Tukey.

TABLE II
Distribution of ARI among the different groups of brackets.

ARI Score Groups

Conventional APC APC Flash free

0= < 10% composite
on enamel

3(5.0%) 2(3.3%) 3(4.5%)

1 = 10%–50% composite
on enamel

23(38.3%) 29(48.3%) 17(25.8%)

2 = 50%–90% composite
on enamel

16(26.7%) 12(20.0%) 27(40.9%)

3= > 90% composite
on enamel

18(30.0%) 17(28.3%) 19(28.8%)

Total 60(100.0%) 60(100.0%) 66(100.0%)
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method quantifies adhesive left on the tooth and it is one of the
most frequently used indices in orthodontic adhesive testing.
Score 0: less than 10% of the adhesive left on the tooth.
Score 1: between 10 and 50% of residual adhesive remained on
the tooth.
Score 2: between 50 and 90% of residual adhesive remained on
the tooth.
Score 3: more than 90% of the residual adhesive remained on
the tooth with the impression of the bracket base.
The ARI score was used to define the site of bond failure
between the enamel, the adhesive, and the bracket base.
Statistical analysis
The statistical analyses were performed with IBM SPSS Statistics
(version 26.0, USA). The level of significance was set at P � 0.05.
The main outcome variable of the study was the shear bond
strength measured in MPa. The secondary outcome variable was
the ARI score.
To assess reproducibility, the ARI score was measured by two
calibrated examiners on 51 teeth under the same conditions.
Reproducibility was assessed using the intra-class correlation
coefficient (ICC) with its 95% confidence interval. The inter-
Figure 3
Shear bond strength among the different groups of brackets

4

observer CCI was 0.931 with a 95% confidence interval
(0.880; 0.961) indicating good reproducibility.
One-way analysis of variance followed by Tukey (HSD) post hoc
tests were applied to compare the shear bond strength between
groups. A Fisher Exact test was used to compare the frequency of
ARI score categories between the three groups.

Results
Shear bond strength
The mean shear bond strength values were significantly differ-
ent between the three types of brackets (P = 0.016; Anova). It
was significantly higher with APCTMII and lower with APC Flash-
Free brackets; The difference was not significant between con-
ventional and APC Flash-Free brackets (P-value = 0.574), (table
I), (figure 3).

ARI Scores
The distribution of the ARI scores was not significantly different
between the three brackets (P-value = 0.137), (table II).
tome 20 > n84 > December 2022



TABLE III
Distribution of the dichotomized ARI score among the different
groups of brackets.

ARI Score Groups

Conventional APC APC Flash free

0–50% composite
on enamel

26(43.3%) 31(51.7%) 20(30.3%)

50%–100% composite
on enamel

34(56.7%) 29(48.3%) 46(69.7%)

Total 60(100.0%) 60(100.0%) 66(100.0%)

International Orthodontics 2022; 20: 100705
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The score ARI was then dichotomized into (< 50% and > 50%).
The distribution of the dichotomized ARI score was significantly
different between the three brackets (P-value = 0.049). 69.7% of
teeth in the APC Flash-Free Brackets group, 56.7% of teeth in the
Conventional group and 48.3% of teeth in the APC Brackets group
had more than 50% of composite remaining in the brackets. The
percentage was higher for APC Flash-Free brackets, and the
difference was not significant between the conventional system
and APC brackets (P-value = 0.361) (table III) (figure 4).

Discussion
The main concern of this in vitro study is to follow the technical
specifications established by ISO/TS 11405: 2003 [9]. The stan-
dardization of the technique is important to allow better com-
parison among studies and to draw better clinical information
about the efficiency of the APC Flash-Free system to increase the
bond strength as promised and reduce the bonding time. The
sample of our study was large compared to all other studies
consisting of 186 freshly extracted human premolars and was
sufficient to obtain significant results. The thermocycling per-
formed in this study represents a simulation of the intraoral
Figure 4
Distribution of ARI score among the different groups of brackets

tome 20 > n84 > December 2022
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forces resulting in a significant decrease in SBS. It has been
suggested that thermal cycling should be part of the testing
protocol of new adhesives [12].
In this study, comparing our results was difficult because there
was no standardization of the protocols for other in vitro SBS
studies and because no other study was done on metal Flash-
Free brackets.
Precoated metal brackets APC group v/s.
conventional uncoated group
The light-cured, adhesive-precoated brackets (APC, 3MTM Uni-
tek, Monrovia, Calif) were introduced to enhance the adherence
of the adhesive and provide a uniform and consistent thickness
on the bracket surface. In our study, there was a significant
difference between the SBS of the three types of brackets
(P = 0.016; Anova). The forces of precoated brackets APCTMII
(11.69 MPa) were significantly higher than the conventional
uncoated group (9.39 MPa). However, Bishara et al. (1997)
confirmed that the precoated metal brackets have significantly
lower shear bond strength than those obtained with uncoated
brackets [13]. This difference may be due to the relatively
reduced sample size (21 teeth per group) compared to the
sample size of our study which was 3 times larger with a
minimum of 60 teeth per group. Intriguingly, a study conducted
by the same group in 2005, showed that the metal brackets
bonded with the conventional system had significantly lower
SBS than the APC metal bracket system in the first hour of
bonding [14]. Similarly, Guzman et al. (2013) found the same
result immediately after bonding, and no significant differences
in bond strength were found after 24 h of bonding or after
thermocycling [15]. However, the sample of the first study
was relatively small using 20 extracted human molars per group
and the second one using 30 bovine extracted permanent
mandibular incisors per group with Smart Clip (3MTM) self-ligat-
ing brackets. In a systematic review published by Alakttash et al.



Figure 5
A view of the residual adhesive remained on the enamel and
the impression of the bracket base after debonding an APC
Flash-Free bracket (ARI of score 3 under �25 magnification)
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in 2019, it was concluded that there was no clinical superiority
between precoated and uncoated brackets in terms of bond
failure [16]. It should be recognized that the number of studies
included in the review was small and that all the included
studies were published more than 10 years earlier.

APC Flash-Free group v/s. precoated metal brackets
APCTMII group and conventional uncoated group
As mentioned above, comparing our results to those of other in
vitro studies on Flash-Free brackets is not possible as the studies
were all performed on ceramic brackets and no other studies
have been conducted on metal Flash-Free brackets [6,8].
The clinician's main concern in every adhesive system is the
level at which a bond would become too weak to withstand the
occlusal forces and the forces that are normally applied during
orthodontic treatment, but it is important to mention that a
bond should not be too strong to allow a safe debonding. The
work of Retief on bond failure at the enamel-adhesive interface
indicated that fractures in the enamel can occur with bond
strengths as low as 13.5 MPa [17]. In this study, all forces ranged
between 8.81 and 11.69 MPa, which are either within or higher
than the ranges suggested by Reynolds and are generally
considered acceptable and safe for clinical use [18].
In our study, although the forces of precoated brackets APCTMII were
significantly higher than the conventional uncoated group, the
mean shear bond strength was not significantly different between
uncoated and APC Flash-Free brackets (P-value = 0.574) and both
were significantly lower than the APCTMII precoated group. It may
be conceivable that the nonwoven mesh at the bracket base of the
Flash-Free contains adhesive with a low viscosity achieved by a
lower filler content and may be a weak point of this system.
Furthermore, in a microscopic study, it was observed that the
thickness of the adhesive on the ceramic APCTM Flash-Free attach-
ment was more important than the one on the ceramic APCTM PLUS
brackets although more homogeneous [19]. As for the APC Flash-
Free group v/s conventional uncoated group, the minor SBS differ-
ence between the two adhesives systems tested seems acceptable
when we consider the advantages that the Flash-Free adhesive
system can offer, such as the elimination of the flash removal step
with an improved ability to focus on bracket positioning, and a
reduced time for bracket bonding with one step less [5,7,18].
In the clinical setting, the bracket survival with the new adhesive
system tested in several comparative studies did not significantly
differ from the in vitro findings. Grünheid et al. reported a bracket
failure rate at one year 4 times higher with the ceramic Flash-Free
adhesive than the APCTMII but not clinically significant according to
the authors [5].

ARI
The ARI is the most frequently score used in the studies to
evaluate orthodontic adhesives. The presence of a larger quantity
of composite on the tooth after debonding demonstrates that the
adhesive is providing a perfect link with the tooth [20].
6

However less adhesive remnant on the enamel is easier and safer
to remove after debonding. The observation of the debonded
tooth of our samples was done with a 25� magnification that
may offer a way to perform a more accurate evaluation of the
adhesive remnant as compared with the naked eye or a 10x
magnification [4]. In this study, the APC Flash-Free metal brackets
left significantly more adhesive on the tooth surface (ARI score of
2 or 3) than the conventional adhesive (figure 5). These findings
were in agreement with an earlier in vitro study [6]. Similarly, for
the clinical trial there was no significant effect of bracket type on
observed ARI, and the majority were scored 3 [21]. The ARI scores
indicated that the failure generally occurred either at the bracket-
adhesive interface or within the adhesive. This may be the result of
the lower material density of the Flash Free adhesive in the non-
woven mesh at the bracket base [6–8].
The studies were all conducted on ceramic Flash-Free brackets,
no other study was done on metal Flash-Free in order to
compare the ARI and SBS values.
Limitations of the study
This is an in vitro study and results may be different from the
clinical one, but it was found that the mean in vivo bond
strengths were approximately 40% less than those in the in
vitro groups [22]. In the Stieg study, the brackets were bonded to
premolars which were planned for extraction. A 48% decrease
in SBS was observed when the in vivo premolars were compared
with the in vitro samples due to several intra oral variables and
factors, such as saliva, acids, masticatory forces, and various
orthodontic mechanics [23]. The forces exerted on the ortho-
dontic brackets and the stress distribution generated within the
adhesive are more complex in vivo and combine shear, tensile
and compressive force systems [24].
tome 20 > n84 > December 2022
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The SBS strengths of this in vitro study may not be directly
extrapolated in vivo, although the comparative study was
comparative and as close as possible to exact oral environmen-
tal conditions which are always difficult to reproduce. Therefore,
the bonding of the brackets would ideally be done in buccal or
more similar conditions. Further investigations are needed.

Conclusions
Within the limitations of the study, the conclusions made about
the metal APCTM Flash-Free are:
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