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Damage of the interface between an orthoDontic 

bracket anD enamel – the effect of some 

elastic properties of the aDhesive material
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The aim of this study was to investigate the magnitude of debonding stress of an orthodontic bracket bonded to 
the enamel with resin systems having different elastic properties. For the same purpose, sixty human premolars 
were randomly divided into four groups according to the adhesive system used for bonding brackets: G Fix 
flowable resin (GFI) with Everstick NET (ESN), GFI, G Aenial Universal Flow (GAU) with ESN, and GAU. The 
brackets were stressed in the occlusogingival direction on a universal testing machine. The values of debonding 
load and displacement were determined at the point of debonding. The elastic modulus of the tested materials was 
determined using nanoindentation. An analysis of variance showed a significant difference in the loads required 
to debond the bracket among the groups tested. The GAU group had the highest elastic modulus, followed by 
the GFI and ESN groups. ARI (Adhesive Remnant Index) scores demonstrated more remnants of the adhesive 
material on the bracket surface with adhesives having a higher elastic modulus. Taking into consideration results 
of the present in-vitro study, it can be concluded that the incorporation of a glass-fiber-reinforced composite 
resin (FRC) with a low elastic modulus between the orthodontic bracket and enamel increases the debonding 
force and strain more than with adhesive systems having a higher elastic modulus.
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introduction

Dental adhesives are claimed to be user-friendly because of the improvements achieved in the last three decades [1]. 
In bonding orthodontic brackets to the enamel, the conventional adhesive system comprises three separate agents: an enamel 
conditioner, a primer solution, and an adhesive resin [2]. To reduce the chair time, simplified, or self-etching, adhesives were 
developed with the advantage of simple application technique, since they are intended to combine the etching, priming, and 
bonding steps of the conventional etch-and-rinse adhesives in one solution [3]. Bonding results are influenced by brackets, 
adhesive systems, and the composite between the bracket and enamel. By reducing the number of steps during the procedure 
of bonding, clinicians can save time and reduce potential errors [4]. Introduction of light-curing flowable composites have 
had an influence on orthodontic bonding. The use of flowable composites for orthodontic bonding has met with success [4-6]. 
Unlike such orthodontic bonding system as Transbond XT (3M Unitek, Monrovia, California), flowable composites can be 
applied to an acid-etched enamel without the use of intermediate bonding resins because of their low filler loading and im-
proved flowability, which enable the penetration of monomer resins into the microscopic irregularities of etched enamel. The 
adhesive interface between a bracket and enamel is based on the mechanical retention of the bracket to the bonding surface. 
Debonding of the bracket can occur either from the interface to the enamel or to the bracket, or at the interface material. It is 
well understood that the debonding stress is typically of shear type [7].

The mechanism of debonding is related to the adhesion strength, elasticity, and viscosity of the adhesive resin and 
thickness of the adhesive resin layer. Dental resin systems are typically made from dimethacrylate monomers and particulate 
fillers with light, dual, or chemical curing initiator systems. In polymerization, dimethacrylate-based resins form a highly cross-
linked polymeric matrix, which is typically characterized by its brittleness related to the high elastic modulus of the resin matrix.

Glass fibers are the common choice of reinforcement for dental applications, because they adhere well to dimethacry-
lates by silane coupling agents [8-10]. Glass fibers have been used in different forms to strengthen dental polymers, including 
continuous bidirectional woven ones, unidirectional rovings, and discontinuous short-fiber reinforcements [11-15]. Fibers have 
been used in fixed prosthodontic appliances, in endodontic posts and cores, and in orthodontic retainers, space maintainers, 
and active appliances [16-22]. The bonding strength of an orthodontic bracket in the case of incorporation of a glass-fiber-
reinforced composite between the bracket and enamel has also been reported [23].

However, no attention was paid to the debonding mechanism of the bracket in relation to the elastic properties of the 
polymeric matrix of the glass-fiber-reinforced composite. The polymeric matrix is a semi-interpenetrating polymer network 
(semi-IPN) system of bisphenol-A-glycidylmethacrylate (bis-GMA) and polymethymethacrylate (PMMA) [24, 25]. This system 
has a lower modulus of elasticity than the corresponding cross-linked polymer due to the plasticizing effect of PMMA chains 
in the polymer structure. No studies have been done to examine the bonding behavior of a bracket to the enamel incorporating 
a glass-fiber-reinforced composite with a semi-IPN polymeric matrix.

Therefore, the purpose of this study was to investigate the magnitude of debonding stress (the so-called shear bond 
strength) of an orthodontic bracket bonded to the enamel with resin systems having different viscoelastic properties. A special 
problem was to find a correlation between the elastic modulus of the interfacial resin material to the debonding force and the 
percentage of strain.

materials and methods

Sixty human premolars extracted for orthodontic purposes were used for this study. Teeth with a hypoplastic enamel, 
fractures or caries were excluded from the study. Each tooth was mounted vertically in a self-curing acrylic resin to have the 
buccal bond surface parallel to the force applied during the debonding test. Enamel surfaces were etched with a 37% phosphoric 
acid for 15 s, washed, and dried. Acid-etched teeth were randomly divided into four groups (n = 15), as follows.

Group 1 (GFI-F): Standard premolar metal brackets (Lancer Orthodontics, Milano, Italy) with a surface mesh area 
of 11.86 mm2 were bonded at the center of the buccal surface of premolar teeth by using a continuous bidirectional glass-
fiber weave between the tooth and bracket. The diameter and thickness of a single glass fiber of the weave was 6 and 60 µm, 
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respectively. The resin matrix of the fiber prepreg (everStick NET, (ESN)) contained bis-GMA and PMMA, which formed a 
semi-IPN for the glass fibers. A glass-fiber prepreg sheet was cut to bracket size and wetted from the surface with the Stick 
Resin before using the prepreg. A thin layer of a flowable resin (G-FIX (GFI)) was applied to the tooth enamel, and the fibers 
were bonded at the center of the facial surface of the tooth, with a pressure sufficient to expel the excess adhesive, and light-
cured for 5 s. A thin layer of adhesive was used to cover the fiber net, and a bracket was placed on the resin and pressed hard 
to expel any excess adhesive. The specimen was light-cured for 20 s on both medial and distal sides. 

The light curing was performed by a hand light-curing unit (Elipar free light, 3M ESPE, Germany) with a radiance 
power of 1505 mW/cm2 and a maximum wavelength between 420-540 nm (MARC System; Blue Light Analytics Inc., Hali-
fax, Canada). 

Group 2 (GFI): Brackets were bonded using GFI without fibers. 
Group 3 (GAU –F): Brackets were bonded using a G Aenial Universal Flow (GAU) flowable resin composite incor-

porating a fiber layer, the same as for group 1. 
Group 4 (GAU): Brackets were bonded using GAU without fibers. 
A complete list of the materials used in the study is given in Table 1.

Debonding test

The specimens were mounted in a universal testing machine (Instron Corporation, Canton, Massachusetts, USA), with 
the enamel surface parallel to a shearing rod (Fig. 1), and stretched in the occlusogingival direction at a crosshead speed of 
1 mm/min. The maximum load necessary to debond the bracket was recorded. The corresponding debonding stress is called 

1

2

F

Fig. 1. Schematic representation of the bracket-tooth interface and direction of the debonding 
force F (arrow). 

TABLE 1: List of the Materials Used in the Study

Name Batch No Composition Manufacturer

Everstick NET 1407021 Fiber impregnated with polymethy methacrylate Stick Tech 
Ltd, FinlandStick resin 1212191 Triethyleneglycol dimethacrylate 2-dimethylaminoethylmethacrylate

G-Fix 1302262 Particulate glass fillers, dimethacrylate monomers, phosphoric ester 
monomer, silica nanoparticles GC Corpora-

tion, Tokyo, 
JapanG Aenial 

universal flo 1404091 Urethane dimethacrylate, bisphenol A polyethoxymethacrylate, Y-meth-
acryloxypropyltrimethoxysilane, triethyleneglycol dimethacrylate
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the shear adhesion strength. In addition to the values of debonding load, the displacement was also recorded, and the strain 
was calculated. 

evaluation of fracture sites

Bracket bases and enamel surfaces were inspected by using a light stereomicroscope (Nikon SM2-10, Tokyo, Japan) 
at a 20× magnification to determine fracture sites and to establish the character of debonded surface. The sites were classified 
as Type 0, 1, 2, or 3 according to the Adhesive Remnant Index (ARI) [26]:

0 = No adhesive remaining on the enamel;
1 = Less than 50% of the adhesive remaining on the enamel;
2 = More than 50% of the adhesive remaining on the enamel;
3 = All adhesive remaining on the enamel with a distinct impression of bracket mesh.

scanning electron microscopy (sem) observations

The representative micrographs of tested teeth and brackets after debonding were taken using a scanning electron 
microscope (Jeol JSM-5900 LV SEM, Tokyo, Japan) at an operating voltage of 10 kV and a 300× magnification. 

nanoindentation test to Determine the elastic modulus

Three disk-shaped specimens of diameter 12 mm and thickness 2 mm per each resin material tested were prepared in a 
metallic mold and cured according to manufacturer’s instructions. For the ESN specimens, fiber nets wetted with a stick resin 
was stacked in layers to obtain a 2-mm thickness. By using a light-curing unit, the specimens were irradiated in multiple areas 
to ensure optimum polymerization. Before testing, they were kept dry at room temperature for 24 h. The elastic modulus of 
the specimens was determined using a nanoindentation tool (Bruker, Tucson, AZ, USA) equipped with a Berkovich diamond 
indenter. The testing was performed at a controlled temperature of 23°C in low noise conditions with loading and unloading 
rates of 0.01 and 0. 02 mN/s and a 5-s rest period at the maximum load, by varying the load between 0 and 10 mN. 

statistical analysis

The statistical software Statistical Package for Social Sciences version 22.0 (SPSS Inc., Chicago, IL) was used to 
analyze the experimental data obtained. An analysis of variance was employed to calculate the differences of mean values of 
the debonding force and strain between the groups, and multiple comparisons of the means were performed by using Tukey’s 
multiple comparisons post hoc analysis at a significance level P < 0.05.

TABLE 2. Mean and Standard Deviations of the Load (N) and Strain (%) of Tested specimens

Groups (n = 15) Load, N,  mean ± SD Strain, %

GFI 74.21 ± 1.89A 11.80 ± 0.91A

GFI+F 90.00 ± 4.96B 16.50 ± 1.77B

GAU 58.82 ± 0.84C 9.56 ± 0.46C

GAU+F 69.26 ± 1.19D 14.56 ± 0.73D

N o t е. Different capital letters in columns mean statistical significant differences between the groups (P < 0.05).
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results

The analysis of variance showed significant differences in the values of strains and loads for all the groups tested 
(Table 2). The load required to debond a bracket was found to be the highest for the GFI-F group, followed by the GAU-F, 
GFI, and GAU groups (Fig. 2). The nanoindentation load–penetration depth curves F–D of the specimens tested are shown in 
Fig. 3. The GAU group had the highest elastic modulus, followed by GFI and ESN. 

SEM images (Fig. 4) showed that the glass fibers (GFI-F and GAU-F groups) had been left on the surface of bracket, 
and an impression of the texture of fiber surface could be detected on the surface of adhesive resin of the bonded site of 
bracket. In the GFI group, the composite was found on the surface of bracket, but in the GAU group, composite remnants 
were detected on both surfaces.

Discussion

This study was aimed to investigate the elastic modulus of the interface material between an orthodontic bracket and 
a tooth, and especially the possible differences in the magnitudes of debonding force and strain to loosen the bracket. This 
question was found to be important for a deeper understanding of the mechanism of the failure which may occur during a 
orthodontic treatment and in the case the bracket is removed intentionally. Our study was also encouraged by the increas-
ing use of light-curing flowable composite resins by orthodontists and by specialists in other fields of dentistry [4, 23, 27]. 
The addition of a glass-fiber-reinforced composite resin significantly increased the bond strength and the load necessary to 
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Fig. 2. Representative stress–strain curves s–e of debonding of brackets from the enamel surface.
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Fig. 3. Load– penetration depth graphs F–D of nanoindentation tests on cured adhesive resin systems.
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debond brackets from the enamel. The composite, with a bidirectional orientation of fibers, had a thickness of 60 µm, which 
effected the thickness of the interface layer more than the other interface materials used in this study [28]. A shortcoming of 
the experimental part of this work was the fact that the thickness of the adhesive interface was not the same in all the groups 
investigated. However, the study followed the way of clinical work.  

The results of the present study showed that the incorporation of a bidirectional glass-fiber-reinforced composite 
between a bracket and a tooth increased the debonding force and strain compared with those of other materials, namely the 
flowable GFI and GAU composite resins. The elastic modulus of the polymeric matrix of the materials also varied depending 
on the nanoindentation measurements performed. It should be noted that the nanoindentation measurements were performed 
for the polymeric matrix of the composite resin (a flowable particulate composite or a fiber-reinforced composite), which, 
on the average, made up half the volume of the material. Therefore, the values of elastic modulus contributed to the elastic 
properties of the composite material only partly. A significant correlation between the debonding force and strain and elastic 
modulus of the polymeric matrix of the composite located between the bracket and a tooth was found to exist. This suggests 
that the interface with a lower elastic modulus behaves as a stress absorber allowing a strain to develop before debonding. An 
analysis of ARI scores (Table 3) revealed more remnants of the adhesive material on the bracket surface with adhesives with 
a polymeric matrix having a low modulus of elasticity. The fracture in the groups with glass fibers occurred near the bracket 
surface. This fracture mode suggests less chance for the fracture of enamel during debonding. No instances of enamel fracture 
were reported during the debonding process. It is known that the resin matrix of the ESN glass-fiber-reinforced composite 
has a high viscosity before the cure and formation of a semi-IPN polymer [24]. The high viscosity is due to the presence of 
PMMA macromolecules in the resin of bis-GMA monomer liquid. 

The values of debonding load found in the present study are in accordance with the results of previous studies [29, 30]. 
A bond strength of 6-8 MPa is reported to be enough for clinical orthodontic needs [31, 32]. In [29], it is stated that the shear 
bond strength should be less than 21 MPa to avoid the damage of enamel. Moreover, the maximum bond strength should 
be lower than the tensile strength of enamel, which ranges between 11-25 MPa, depending on the prismatic orientation of 
enamel [30]. The groups with glass fibers showed a higher bond strength than the other groups, but it was low enough to 
exclude any undue effect on the enamel. However, it is important to emphasize that the so-called shear bond strength tests 
are sensitive to any sources of inaccuracies and the values of stresses obtained cannot be considered as exact ones for the 
maximum shear stress necessary for debonding. Therefore, the values of shear stress cannot be used to compare results for 
the bond between a bracket and tooth found in different studies. Our recommendation would be to use the debonding force 
instead of the shear bond strength. 

Fig. 4. SEM micrographs of representative debonded tooth (a, b, c, d) and bracket (a1, b1, c1, d1) 
surfaces bonded with GFI-F, GAU-F, GFI, and GAU, respectively.

a b c d

d1c1b1a1
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Clinically, the results of the present study suggest that the probability of loosening of a bracket during an orthodontic 
treatment can be lowered by selecting an adhesive material with a low elasticity. The energy necessary to debond a bracket 
was high for the groups incorporating glass fibers. However, a higher debonding force does not necessarily make an intentional 
removal of a bracket more difficult by a bracket plier. In the clinical context, it should be remembered that the force exerted 
by orthodontic wires is static and long-term. Therefore, the understanding of possible viscoelastic properties of the interface 
of the IPN-type resin a under constant load are important when the undesired debonding of brackets under forces caused by 
orthodontic wires and devices are considered. Thus, an insight into the elastic and viscoelastic properties of the resin under 
long-term static forces would be beneficial to better understand how properties of the adhesive interface of cross-linked semi-
IPN polymer systems could contribute to the bonding of brackets to the tooth surface. In addition, more information is needed 
to verify the degree of cure of light-curing monomer systems under brackets.

conclusions

The present in vitro study showed that incorporation of a FRC with a low elastic modulus between the bracket and 
enamel increased the debonding force and strain before debonding more than adhesive systems with a higher elastic modulus. 
A correlation between the elastic modulus of the polymer matrix of the adhesive composite material tested and the debonding 
force of the bracket is found.
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